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Abstract 
Aerosol particles play a significant role in the pollution of the Earth's atmosphere as 
well as contributing to climate change and having strong influences on health 
Understanding aerosol particle physical and chemical properties is important in 
assessing their effects. A number of instruments have been developed that allow the 
real time analysis of single particles. This thesis presents research using a 
commercial aerosol time-of-flight mass spectrometer (ATOFMS TSI 3800), which 
was deployed in the laboratory to determine fundamental aspects of ion formation as 
well as to develop scaling factors to improve the number and chemical quantification 
of the ATOFMS instrument and to characterise pharmaceutical drug products. 
Additionally, data from field campaigns both in Ireland and Scotland were evaluated. 
The ATOFMS uses pulsed UV Laser Desorption lonisation (LDI) at 266 nm to 
ablate, desorb and ionise the particle material. Little work has been carried out to 
investigate the mechanisms for formation of negative ions in single particle LDI 
instruments. In this thesis, the ATOFMS was applied to micron-sized aerosols 
consisting of alkali halides, nitrates and sulphates as models for atmospherically-
relevant particles. Processes that can lead to negative ion formation and removal are 
considered in some detail and it is concluded that their formation is dependent on 
collisional processes and the thermodynamics of reactions in the post-irradiation 
ablation plume rather than the result of direct ejection from the lattice. 
Data from the deployment of the ATOFMS instrument at Mace Head, Galway, 
Ireland were used to determine the size and chemical composition of individual 
particles in the atmosphere as part of the North Atlantic Marine Boundary Layer 
Experiment (NAMBLEX) during August 2002. A total of 191,504 particles were 
detected. Rapid changes in number density, size and chemical composition of the 
atmospheric aerosol were observed. These data were analysed using a combination 
of statistical clustering procedures and manual classification, yielding three broad 
categories of particles; sea salt, dust and carbon-containing. 
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During the NAMBLEX campaign, aerosol size and composition was also 
characterised using an impactor and an aerodynamic particle sizer alongside the 
ATOFMS. Comparative analyses were undertaken in order to elucidate factors 
determining the particle detection efficiency of the ATOFMS, according to the 
efficiency of the inlet system and the hit-rate of particles (as a function of particle 
composition). An elemental/molecular relative sensitivity factor was determined 
from the measured ion signals. The results show the existence of a matrix effect 
dependent on chemical composition of the aerosol sampled, as well as a strong 
inverse power-law dependence of inlet transmission efficiency on particle diameter. 
The observation of an inverse cubic dependence of ion signal on particle diameter 
indicates that a constant mass of material is ionised from each particle. 
A field evaluation of a Mobile Ambient Particle Concentrator Enrichment 
Laboratory (MAPCEL) was carried out during February and March 2002. The 
MAPCEL was coupled with the ATOFMS in order to determine the size, chemical 
composition and concentration enrichment of single particles with diameters < 2.5 
pm. During the 9 days of sampling most of the particles detected were mixtures of 
sea salt with occasional short episodes of carbonaceous material. Comparison of the 
pre- and post-concentrated particle composition suggests that the MAPCEL did not 
induce significant changes in particle composition during the concentration process. 
Finally, in separate work, the ATOFMS instrument has been used to assess the level 
of co-association of individual drug components present in different pharmaceutical 
products. Different efficiencies for different aerosolised pharmaceutical asthma drug 
products are reported. 
Applications and evaluation of an aerosol time-of-flight mass spectrometer 	 i ii 
Abbreviations 
Full title Abbreviation 
Active Pharmaceutical Ingredient API 
Aerodynamic Particle Sizer APS 
Aerosol Mass Spectrometer AMS 
Aerosol Time-of-Flight Mass Spectrometer ATOFMS 
Air Quality Expert Group AQEG 
Air Quality Network LAQN 
Artic regions AR 
Artificial Resonance Theory ART 
Atlantic regions AT 
Atmosphere/Ocean Chemistry Experiment AEROCE 
Automatic Urban and Rural Network AURN 
Background Maritime contribution to Atmospheric Pollution in Europe BMCAPE 
Cavity Ring Down Spectroscopy CRDS 
Cloud Condensation Nuclei CCN 
Committee on the Medical Effects of Air Pollutants COMEAP 
Concentrated Ambient Particles CAP 
Concentration factors CF 
Continuous wave CW 
Department for Environment, Food and Rural Affairs DEFRA 
Differential Mobility Analyser DMA 
Differential Optical Absorption Spectroscopy DOAS 
Dimethylsufide DMS 
Downstream sampling DS 
Electron Impact El 
Environmental Scanning Electron Microscope ESEM 
European Aerosol Conference EAC 
European Centre for Medium-Range Weather Forecasts ECMWF 
GlaxoSmithKline GSK 
Applications and evaluation of an aerosol time-of-flight mass spectrometer 	 iv 
Abbreviations 
Full name 	 Abbreviation 
Harvard Ambient Particle Concentrator HAPC 
Heart Rate Variability HRV 
High Efficiency Particle Air Filter HEPA 
High Performance Liquid Chromatography HPLC 
Hydroxymethanesulphonate EMS 
Laser Ablation Mass Spectrometry LAMMS 
Laser Desorption Ionisation LDI 
Marine Boundary Layer MBL 
Matrix Assisted Laser Desorption lonisation MALDI 
Metered Dose Inhalers NMI 
Methyl Suiphonate acid MSA 
Micro Orifice Uniform Deposit Impactor MOUDI 
Microchannel plate MCP 
Mobile Ambient Particle Concentrator Laboratory MAPCEL 
Mutual deliquescence relative humidity MDRH 
Neodyium:Yttrium Aluminium Garnet Nd:YAG 
North Atlantic Marine Boundary Layer Experiment NAMBLEX 
Numerical Atmospheric-dispersion Modelling Environment NAME 
Optical Particle Counters OPC 
Organic Carbon/Black Carbon ratio OCIBC 
Particulate matter PM 
Particulate matter < 0.1 gin in diameter PM0. 1 
Particulate matter < 1 .tm in diameter PM] 
Particulate matter < 2.5 p.m in diameter PM15 
Peroxy Radical Chain Amplification PERCA 
Photomultiplier tubes PMT 
PolyStyrene latex spheres PSL 
Powdered Dose Inhalers PDI 
Rapid Particle Mass Spectrometer RSMS 
Applications and evaluation of an aerosol time-of-flight mass spectrometer 	 y 
Abbreviations 
Full name 	 Abbreviation 
Readily Accessed Memory RAM 
Relative Humidity RH 
Scanning Electron Microscopy SEM 
Scanning Mobility Particle Sizer SMPS 
Secondary Ion Mass Spectrometry SIMS 
Single Particle Analysis and Sizing System SPASS 
Single Particle Laser Ablation Time-of-Flight Mass Spectrometer SPLAT 
Single-Particle Raman Spectrometer SPaRS 
Tapered Element Oscillating Microbalance TEOM 
Time-of-Flight Mass Spectrometer TOF-MS 
Transmission Electron Microscopy TEM 
Ultraviolet UV 
Unified Model UM 
United States Environmental Protection Agency USEPA 
Upstream sampling US 
Versatile Aerosol Concentration Enrichment System VACES 




	 . ii 
Chapter 1 Introduction 
1.1. Aerosol research ................................................................................................... 1 
1 .1.1. Health impacts ................................................................................................1 
1.1.2. Pharmaceutical applications ............................................................................2 
1 .1.3. Global warming ..............................................................................................3 
1.2. Aerosol properties ............................ 5 
1.2.1. Aerosol size and mass distributions................................................................. 5 
1.2.2. Chemical composition...................................................................................10 
1.3. Aerosol instrumentation .................................................................................... 11 
1.3.1. Mass measurements ......................................................................................11 
1.3.2. Number concentration...................................................................................13 
1.4. Aerosol Mass Spectrometry...............................................................................16 
1 .4.1. Inlets.............................................................................................................16 
1.4.2. Particle detection...........................................................................................19 
1.4.3. lonisation methods and different instruments.................................................21 
1.4.3.1. Laser Ablation Microbe Mass Spectrometry LAMA'IS . ............................. 21 
1.4.3.2. Secondary Ion Mass Spectroscopy (SIMS) .............................................. 22 
1.4.3.3. Surface/Thermal ionisation mass spectroscopy.......................................22 
1.4.3.4. Laser Desorption Jonisation (LDI) .......................................................... 24 
1.4.3.5. Other single particle analysis techniques................................................29 
Chapter 2 Experimental 
2.0. Introduction ....................................................................................................... 31 
2.1. The Aerosol Time-of-Flight Mass Spectrometer (ATOFMS)...........................31 
2.1.1. General Design Features................................................................................31 
2.1.2. Interface region.............................................................................................32 
2.1.3. Particle Sizing Region...................................................................................34 
2.1.4. Time-Of-Flight Mass Spectrometer region ....................................................37 
2.2. Data analysis and manipulation........................................................................39 
2.3. Aerosol Generation ............................................................................................ 42 
2.4. Aerosol drying .................................................................................................... 43 
Chapter 3 Investigation of ion formation by UV laser irradiation of alkali aerosols 
using the ATOFMS 
3.1. Introduction ................................... ................................................................... 45 
Applications and evaluation of an aerosol time-of-flight mass spectrometer 	 vii 
Contents 
3.2. Experimental 	 .47 
3.3. Results and Discussion.......................................................................................48 
3.3.1. Particle composition and laser-to-particle energy transfer..............................48 
3.3.2. Alkali Halide aerosols................................................................................... 54 
3.3.2.1. Formation ofX ions...............................................................................56 
3.3.2.2. Formation ofNaX ions.......................................................................... 60 
3.3.2.3. Formation of(NaX)X ions .....................................................................62 
3.3.3. Alkali nitrate aerosol .....................................................................................63 
3.3.4. Alkali sulphate aerosol..................................................................................69 
3.4. Conclusions ........................................................................................................72 
Chapter 4 Chemical and physical analysis of ambient particles detected during the 
North Atlantic Marine Boundary Layer Experiment 
4.1. Introduction .......................................................................................................73 
4.1.1. Overview of studies carried out on the marine boundary layer.......................74 
4.1.2. Importance of Mace Head as a research station .............................................76 
4.1.3. Aims and goals of NAMBLEX .....................................................................78 
4.2. Experimental ......................................................................................................79 
4.2.1 Instrument set-up ...........................................................................................79 
4.2.2. Data analysis.................................................................................................81 
4.3. Results and discussion........................................................................................86 
4.3.1. Meteorology..................................................................................................86 
4.3.2. Hit rate .......................................................................................................... 94 
4.3.3. ATOFMS inlet correction..............................................................................95 
4.3.4. Classification of particulate matter detected during NAMBLEX....................96 
4.3.4.1. Sea-salt..................................................................................................98 
4.3.4.2. Carbonaceous particles . ....................................................................... 105 
4.3.4.3. Dust containing particles......................................................................119 
4.3.4.4. Other particles ......................................................................................125 
4.4. Comparison of clustering techniques .............................................................. 127 
Chapter 5 Single particle detection efficiencies of the ATOFMS instrument during 
NAMBLEX 
5.1. Introduction ..................................................................................................... 129 
5.1.1. Related studies............................................................................................130 
5.1.2. Objectives...................................................................................................132 
5.2. Instruments used .............................................................................................. 133 
5 .2.1. ATOFMS....................................................................................................133 
5.2.2. MS ............................................................................................................ 133 
5.2.3. MOUDI.......................................................................................................134 
Applications and evaluation of an aerosol time-of-flight mass spectrometer 	 viii 
Contents 
5.3. Number and chemical scaling of the ATOFMS response....................135 
5.3. 1. Busy time .................................................................................................... 135 
5.3.2. Size detection efficiency of the ATOFMS instrument..................................136 
5.3.2.1. Scaling factor 1 (Hit particles) .............................................................138 
5.3.22. Scaling factor 2 (Iota/particles) .......................................................... 145 
5.3.3. Chemical quantification of ATOFMS single particle data............................ 150 
5.3.3.1. Aerosol Measurements.........................................................................152 
5.3.3.2. A TOFMS data treatment ....................................................................... 153 
5.3.3.3. A TOFMS-MOUDI data comparison .....................................................154 
5.4. Conclusion ........................................................................................................ 163 
Chapter 6 Characterisation of ambient particles for human exposure studies 
6.1. Introduction ..................................................................................................... 164 
6.1.1. Evaluation of particle concentrators.............................................................166 
6.1.2. Chemical charactensation of ambient aerosol during exposure studies ........167 
6.1.3. Outline of the exposure study ...................................................................... 168 
6.2. Experimental .................................................................................................... 170 
6.3. Results and Discussion.....................................................................................173 
6.3.1. Air mass back trajectories ...........................................................................173 
6.3.2. Chemical characterisation of ambient air during human CAPS exposures.... 176 
6.3.3. Effect of CAPS on human health ................................................................ 186 
6.3.4. Characterisation of concentrated ambient particles using the ATOFMS ......187 
6.4. Conclusion ................................................................................... 196 
Chapter 7 Characterisation of inhaler drugs using single particle mass 
spectrometry 
7.1. Introduction ..................................................................................................... 198 
7.2. Experiment ....................................................................................................... 202 
7.3. AstraZeneca Symbicort Turbuhaler® PD! .................................................... 204 
7.3.1. Formoterol Fumarate ................................................................................... 205 
7.3.2. Budesonide .................................................................................................209 
7.3.3. Lactose........................................................................................................213 
7.3.4. Selection of m/z values for drug identification in a mixture..........................217 
7.4. ATOFMS data for AstraZeneca's combination products . .................... 	 219 
7.4.1. Turbuinhaler budesomde/ formoterol 200/6.................................................219 
7.5. GlaxoSmithKline, Seretide ® PD! ................................................................... 223 
7.5.1. Salmeterol Xinafoate ................................................................................... 223 
7.5.2. Fluticasone propionate ................................................................................227 
Applications and evaluation of an aerosol time-of-flight mass spectrometer 	 ix 
Contents 
7.5.3. Selection of m/z values for drug identification in a mixture . 231 
7.6. ATOFMS data for combination products ....................................................... 233 
7.6.2. Seretide® 50/100 Salmeterol xinafoate/fiuticasone propionate (SXIFP) .....233 
7.7. Conclusion ........................................................................................................ 238 
Chapter8 Conclusions and future work ................................................................. 239 
Chapter 9 References.......................................................................... 244 
Appendix 1 
Al.! Summary of analysis carried out on Tubuhaler ®....................................... 263 
A1.2 Summary of Seretide analysis........................................................................270 
A1.3 Summary of Analysis carried out with throat cast and MDI inhaler..........271 
Appendix 2 ...............................................................................................................273 




Chapter 1 Introduction 
1.1. Aerosol research 
An aerosol by definition is a suspension of solid or liquid particles in a gas. The term 
aerosol includes both the particles and the suspending gas. The aerosol size 
distribution can range from 0.002 - 100 pm (Hinds, 1999). 
Aerosol science is involved in a number of important scientific research fields. 
Examples are air pollution (urban and regional smog formation, acid deposition and 
stratospheric ozone depletion), global warming, medicine problems and treatment 
(airborne microbes, respirable aerosols), combustion processes (soot and soot 
precursor formation), materials synthesis, processing (nano-particles, coatings, 
mining operations) and clean-room technology (particle contamination). 
Aerosols can be divided into two broad categories; 'healthy' aerosols such as those 
that are used to deliver drugs, 'unhealthy' aerosols such as those that result in air 
pollution and global warming. Both of these categories are considered in the work to 
be presented in this thesis. 
1.1.1. Health impacts 
There is evidence that anthropogenic particles directly effect human health (Pope, 
1999). Epidenuological studies have correlated elevated levels of particulate matter 
(PM) with decreased pulmonary function, respiratory disease and increased 
mortality. Whilst epidemiological studies have consistently demonstrated adverse 
effects of PM exposure on human health, the mechanism of the effect is currently 
unclear (Donaldson et a!, 2004). One of the major issues is whether the toxicity of 
the particles resides in some particular fraction of the particles as defined by 
chemical composition or size. Anderson et al. (1992) exposed volunteers to carbon 
particles coated with sulphuric acid to simulate exposures to carbonaceous/acid 
particle mixtures. Although these studies have made an attempt to simulate particle 
exposures, their approach does not fully achieve a "real world" simulation. Chapter 6 
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assesses a technique that exposes volunteers to 'real world' concentrated ambient 
aerosols. 
Controls on the total amount of annual pollution and magnitude of pollution episodes 
have been put in place by authorities in an attempt to reduce the health burden of 
atmospheric particulate pollution. Traditionally monitoring of particles with 
diameters less than 10 jim in size have been used as these particles are more likely to 
pass the throat when inhaled. Recently much research has illustrated that exposure to 
fine (< 2.5jim) and ultrafine (< 0.1 pm) particles can affect respiratory and 
cardiovascular function (Seaton et al, 1995; Harrison & Yin, 2000). These smaller 
particles tend to be more dangerous and more reactive than larger particles due to 
their larger surface-to-volume ratio. This has led to the use of the PM2.5 standard in 
the United States, where the total mass of particulate matter less than 2.5 pm is 
regulated (United States Environmental Protection Agency (USEPA)). 
The UK Department of Health's Committee on the Medical Effects of Air Pollutants 
estimated that in Great Britain, in 1996, PM 10 pollution was associated with around 
8,100 deaths brought forward and 10,500 hospital admissions that were either 
brought forward or would not otherwise have happened (COMEAP, 1998). This was 
due to short-term (acute) exposure. It is likely that the health impacts of long-term 
(chronic) exposure on the population were even greater. COMEAP have estimated 
that over the lifetime of the current population of England and Wales, the health gain 
that would result from a reduction of 1 jig m 3 of PM25 could lead to a gain of 0.2 - 
0.5 million life years (COMEAP, 1998). 
1.1.2. Pharmaceutical applications 
As particles with diameters <2.5 ;.Lm are efficient at entering and depositing in the 
respiratory system many medical companies have employed the use of respiratory 
devices to deliver drugs, in the form of small particles, to combat a number of 
illnesses. It is also known that particles can work most efficiently through the use of 
respiratory drug delivery devices as they can enter into the blood stream in a very 
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short time compared to other means of drug delivery. Chapter 7 characterises drug 
products from a range of commercially available asthma inhalers. 
1.1.3. Global warming 
PM in the atmosphere arises from natural sources and from anthropogenic activities, 
such as combustion of fuels. Consequently atmospheric aerosols consist of natural 
and anthropogenic PM. Natural aerosols are important because they provide a base 
level to aerosol impact, and there is no effective control on them, unlike 
anthropogenic aerosols where regulations can govern their emissions. On a global 
scale the mass abundance of natural aerosols is several times greater than that of the 
major anthropogenic aerosols. The major natural aerosols are sea-salt, soil dust, 
natural sulphates, volcanic aerosols, and those generated by natural forest fires. 
Major anthropogenic aerosol species in the atmosphere include sulphate, nitrate, 
black carbon and organic carbon. Many of the natural and anthropogenic gases and 
particulate matter that are traditionally associated with air quality also interact with 
solar or terrestrial radiation and therefore exert a significant radiative forcing 
resulting in climate change (Penner et a!, 2001). Radiative forcing applies to the 
increased or decreased trapping of radiation relative to some past time point, to 
provide a simple quantitative measure of a potential mechanism of change in the 
climate (Wayne, 2000). The radiative forcing is the change in the net vertical 
irradiance (expressed in Watts per square metre: Wm 2) at the tropopause due to an 
internal change or a change in the external forcing of the climate system, such as, for 
example, a change in the concentration of carbon dioxide or the output of the sun. 
Usually radiative forcing is computed after allowing for stratospheric temperatures to 
readjust to radiative equilibrium, but with all tropospheric properties held fixed at 
their unperturbed values (IPCC, 2001). 
Aerosol particles have both direct and indirect effects on radiative forcing and 
therefore potentially also on the Earth's climate. The direct effect of aerosols arises 
from increases in aerosol concentration. Direct effects of aerosols are difficult to 
calculate as aerosols can contain chemicals that will both absorb and scatter solar 
radiation. Determining the amount of black carbon internally mixed in the particle is 
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used to determine the single scattering albedo (fraction of radiation reflected by a 
surface) of particles. The specific absorption of aerosol particles is roughly twice that 
when it is internally mixed with elemental carbon than when it is externally mixed 
(Jacobson, 2000). 
Knowing the amount of vapour that condenses on the aerosol is another important 
factor to consider when determining direct effects. For example at high relative 
humidity sulphate aerosols can absorb water vapour. This moves sulphate particles 
into a size class that causes a large increase in the amount of light scattering. 
Indirectly particles can act as Cloud Condensation Nuclei (CCN). Changes in liquid 
clouds at low altitudes tend to mainly change the amount of scattered solar radiation 
Radiative effects of changes in ice clouds at high altitudes are dominated by the 
change in outgoing thermal radiation. 
There are two different types of indirect effects. First is the Twomey effect which 
states that at constant liquid water content, increases in aerosols will tend to increase 
the number of cloud droplets and decrease their size. Increases in the number 
concentration of cloud droplets at low-altitude leads to an increase in the scattering 
of solar radiation. This increase in scattering leads to a cooling effect. The second 
effect is that changes in aerosol causes changes in droplet concentration which 
subsequently alters the precipitation effects of clouds (Penner et a!, 2001). Figure 1.1 
shows the effects of different particle types on the Earth's radiative balance. 
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Figure I.I. Estimates of radiative forcing of different particle composition on 
the Earth's climate and the level of scientific understanding (IPCC, 2001) 
1.2. Aerosol properties 
1.2.1. Aerosol size and mass distributions 
Airborne PM includes a wide range of particle sizes and many different chemical 
constituents. Aerosol particles can have "diameters" anywhere between 2 nm and 
100 pm. There are a number of properties such as number concentration, size, shape 
and chemical composition that are important for their role in atmospheric processes. 
The size of an individual particle is an important parameter as it can be related to 
effects on health, visibility, and climate as well as giving information on the source 
of particles. 
Airborne particles are frequently not spherical and the diameter used to describe the 
size of an individual particle depends to a large extent on the instrumentation used to 
measure it. The equivalent diameter refers to the diameter of a sphere having the 
same value of a specific physical property as the irregularly shaped particle that is 
being measured. When a particle is reported by a technique, the, measurement usually 
corresponds to a specific physical property. Figure 1.2 shows different particle size 
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Da, is the most common type of diameter that is measured and is defined as the 
diameter of a sphere of unit density that has the same terminal falling speed in air as 
the particle under consideration. 
Airborne particles are usually considered as belonging to three ambient particle size 
modes (Figure 1.3). Particles with diameters <0.1 .tm belong to the nucleation mode 
and consist mainly of particles created from gas to particle conversion processes 
(Figure 1.4) (Raes et a!, 2000). Highest number concentrations exist in this size 
mode. Particles with diameters between 0.1-2.5 pm are considered to be part of the 
accumulation mode representing the region of particle growth mainly due to 
coagulation and condensation. The accumulation mode has the greatest surface area 
distribution (Figure 1.3). 
Figure 1.2. Summary of size ranges covered by various analytical techniques 
for the analysis of atmospheric aerosols. TEM, transmission electron 
microscopy; SEM, scanning electron microscope, CPC Condensation particle 
counters. 
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Larger, coarse mode particles (> 2.5 pm in diameter) are generally mechanically 
generated; examples include natural sea-salt particles off the ocean or dust particles 
and anthropogenic particles from quarrying, construction work and industrial 
machining. Highest mass distributions are found in the accumulation and coarse 
mode particles (Figure 1.3). The atmospheric lifetimes of the nucleation mode 
particles are relatively short due to particle coagulation or dry deposition by 
Brownian motion. Similar lifetimes exist for coarse mode particles due to 
gravitational settling. The accumulation mode particles however do not experience 
efficient deposition processes and therefore have long atmospheric lifetimes from 
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Figure 1.3. Number (a), surface (b) and volume (c) distributions for a typical 
urban model aerosol (Finlayson-Pitts & Pitts, 1999b). 
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Figure 1.4 shows the microphysical processes that influence the size distribution and 
chemical composition of the atmospheric aerosol, highlighting the large range of 
sizes that are involved in the formation and evolution of aerosol particles. For 
observational reasons aerosol particles have traditionally been divided into two size 
classes; coarse (Da > 2.5 ILIm)  and fine (including accumulation and fine mode 
particles) (Da <2.5 p.m). Recent research has suggested that aerosol size distribution 
is more appropriately described using a 1 pm size cut. This is supported 
diagrammatically in Figure 1.4 where a minimum in the distribution is reached near 
1 pm. (Guazzotti et at, 2003; AQEG, 2005). 
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Figure 1.4. Idealised schematic of the distribution , of surface area of an 
atmospheric aerosol (Whitby and Cantrell, 1976). Principal modes, sources, and 
particle formation and removal mechanisms are indicated. 
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Aerosol particles can be considered as belonging to a primary or secondary source, 
primary particles are those that have not undergone reaction in the atmosphere and 
are formed through natural processes. Secondary aerosols, such as 2-methyltetrols, 
are those particles that have undergone reaction with volatile organic carbon (VOC) 
species, such as isoprene and monoterpenes, or other particles and can be termed as 
anthropogenic or natural processes. 
Those primary particles that are derived from natural processes include the break-up 
and suspension of bulk material by the wind, such as sea-salt, soil dust, and 
biological material and have most of their mass associated with super-micron modes 
(Figure 1.4). Particles that are formed mechanically tend to be strongly dependent on 
wind speed and the number concentration increases non-linearly with increasing 
wind speed (O'Dowd, 2002). Important types of anthropogenic primary particles are 
soot particles formed in combustion. High concentrations of particles with diameters 
ranging from 5-20 nm are formed during combustion processes. Coagulation into 
fractal-like aggregates occurs very rapidly which eventually collapse to more 
compact structures of increased size (Raes et a!, 2000). The main sources of 
anthropogenic primary PM are road transport (combustion by-products, brake and 
tyre wear and re-entrainment of dust from road surfaces); stationary combustion 
(mainly domestic coal burning) and industrial processes (production of metals, 
cement, lime, coke and chemicals, bulk handling of dusty materials, construction, 
mining and quarrying) (AQEG, 2005). 
Secondary aerosol mass is formed by transformation of gaseous compounds to the 
liquid or solid phase. Secondary particles are not emitted directly from sources 
instead they are formed in the atmosphere as a result of chemical reactions forming 
low volatile gaseous substances which can then condense into solid or liquid phase to 
become particulate matter, this process is referred to as nucleation. Such particles 
generally result from atmospheric oxidation processes and the substances oxidised 
may be either natural or anthropogenic in origin. 
There are two types of nucleation processes (AQEG, 2005). Heterogeneous 
nucleation is when newly formed substances condense onto existing particles 
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whereas homogenous nucleation is when newly formed molecules condense onto one 
another and form a new particle. An example of homogeneous nucleation occurs 
when sulphuric acid is formed from the atmospheric oxidation of SO 2 (AQEG, 
2005). This H2SO4 can nucleate with water vapour (binary nucleation) or, more 
readily, with water vapour and ammonia (ternary nucleation) to form droplets of 
sulphate which can grow rapidly to 10 nm in size (Covert et a!, 1992). 
1.2.2. Chemical composition 
Aerosol particles consist of a wide range of different chemical compositions that are 
consistently changing due to transportation of air masses as well as heterogeneous 
chemical reactions in the atmosphere. As mentioned in Section 1.2.1, the size 
distribution of particles is very important in understanding the sources and therefore 
the types of ambient PM. Chemical composition of aerosol particles is strongly 
associated with particulate, diameter. Carbonaceous aerosols emitted from 
combustion processes normally exist in the ultrafme to fine mode whereas NaCl 
particles produced from wave breaking and bubble bursting are generally formed 
with super-micron diameters. Due to coagulation and nucleation processes outlined 
in Figure 1.4, it is common to find particles that are made up of two or more 
components. These particle types are referred to as being internally mixed. Examples 
of internally mixed particles are those containing NaCl as well as sulphate or nitrate 
materials. 
The major chemical constituents of airborne particles include sulphate, both natural 
and anthropogenic, nitrate, ammonium, sodium, chloride, elemental carbon, organic 
carbon, mineral components and water. Minor components present in the atmosphere 
consist of trace metals such as lead, cadmium, mercury as well as trace organic 
compounds. 
Identifying the source of airborne particles is essential to their control, if the source is 
anthropogenic and is crucial to understanding natural environmental processes, lithe 
source is biogenic. Research and development in this area require analytical methods 
that can monitor changes in aerosol particles as they grow or are transformed by 
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condensation, evaporation, or chemical reaction. This can be challenging because the 
particle size of greatest interest ranges from 2 rim to 100 ,.tm and the concentrations 
of minor components in particles are often of considerable interest (Johnston & 
Wexler, 1995). The first measurements of aerosol number concentration in the 
atmosphere were performed by Aitken (1888) who used an expansion chamber to 
condense water vapour on to particles and made them grow to visible droplets. 
1.3. Aerosol instrumentation 
Atmospheric aerosol particles range in size over more than four orders of magnitude, 
from freshly nucleated clusters containing a few molecules to cloud droplets and 
crustal dust particles up to tens of microns in size. Average particle compositions 
vary with size, time and location, reflecting the particles diverse origins and 
atmospheric processing (McMuriy, 2000). McMuny et al. (2000) illustrated the 
different types of aerosol sampling instruments available and subdivided them into 
two broad groups; those instruments that provide measurements on size-resolved 
aerosol physical properties and those that provide size-resolved chemical properties. 
In this chapter different methods of instrumentation are discussed starting with 
instruments that provide information on the physical properties of particles followed 
by those instruments that supply size-resolved information on chemical properties. 
More detail of these instruments can be found in McMurry et aL (2000) and 
Finlayson-Pitts and Pius (1999a). 
Atmospheric aerosols typically include hundreds of organic and inorganic 
compounds, and only a small fraction of these can be identified by state-of-the-art 
analytical methodologies. Figure 1.2 illustrates the size range covered by different 
instruments that are used to obtain both physical and chemical information from 
ambient particles. 
1.3.1. Mass measurements 
Impactors are common instruments used to provide size and mass measunnents of 
particles present in both ambient and laboratory environments. Impactors are based 
on the principle that particles in an air stream will tend to continue in a straight line 
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due to their inertia when the flow of air bends sharply; particles then adhere to the 
surface of an impaction plate. Particles of a specific aerodynamic/inertial diameter 
impact on a corresponding plate where they are collected for analysis. Occasionally it 
is necessary to coat the impaction plate with a substrate that will cause the particle to 
adhere strongly to the impaction plate. This reduces particle 'bounce/re-entrainment', 
where particles hit the impaction surface and bounce back into the air stream. 
A variety of sampling artefacts can affect the measured composition of the collected 
particles deposited relative to what was actually in the atmosphere. Volatilisation of 
semi-volatile compounds (compounds that are found in both the vapour and 
particulate phases) is known to be a significant source of error for species like 
ammonium nitrate and many organics in impactor instruments. Volatilisation can 
occur because of a pressure drop in the sampler, which upsets the equilibrium 
between the deposited particles and the vapour or due to changes in temperature, 
relative humidity or composition of the incoming aerosol during sampling. Artefacts 
associated with sampling transport and storage have also been reported (Chow, 
1995). Evaporative losses of particulate nitrates have been investigated in laboratory 
and field experiments  with filters and impactors (Wang and John, 1988). 
The impaction efficiency (i) for particles depends on the particle aerodynamic 
diameter (Da), the flow velocity of the air (V) and the particle density (a); it varies 
inversely with the gas viscosity (ji) and a parameter dependent on particle diameter 
(Db) e.g. for impactors in which particles pass through a slit or opening and are 




Cascade and virtual impactors are widely used impactors. Cascade impactors consist 
of a series of consecutive stages connected in parallel. The diameters of the nozzles 
or slits above each impactor plate become increasingly smaller as the air moves 
through the impactor so that the air moves increasingly faster through these orifices 
and smaller and smaller particles impact on the plates. Impactors can fractionate 
aerosol particles from 0.05 - 301.Lm. 
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The Anderson impactor is a cascade impactor that is commonly used to investigate 
those fractions of aerosol particles that interact with the lung. The different stages of 
the impactor can be related to different stages of the human respiratory system. 
Because lung deposition and dry deposition of particles larger than 0.5 pm depend on 
aerodynamic size, data from these instruments provides direct information on such 
aerosol effects (McMurry, 2000). 
A Micro Orifice Uniform Deposit Impactor (MOUDI) collects particles down to 
0.056 J.Lm and gives a uniform particle deposition on each plate. Uniform deposition 
is achieved using a number of nozzles above each stage and rotating the plates 
beneath the nozzles. 
The virtual impactor is a modified type of impactor where the sampled airstream 
impacts against a mass of still air rather than against a plate. The inertia of the 
particles carries them into a still air mass, which is slowly drawn through a filter to 
collect the particles. 
A Tapering Element Oscillating Microbalance (TEOM) and a Beta-particle 
attenuator are automated methods for measuring collected particles. They provide an 
alternative method to gravimetric techniques. The TEOM operates by measuring the 
frequency of mechanical oscillation of an element such as a tapered glass tube. The 
frequency of oscillation is directly proportional to the mass of the tube. A beta-
particle attenuator measures the reduction in intensity of beta particles passing 
through a filter containing particles. A change in attenuation reflects the 
concentration of the sampled particles. For some particles the attenuation of beta 
particles is directly dependent on the mass of particles deposited. Both instruments 
are operated downstream of a size selective inlet e.g. PM 10 or PM2 . 5 inlet. 
1.3.2. Number concentration 
There are several instruments available that measure the number concentration of 
atmospheric aerosols. Some of these instruments measure the number of particles 
present that can act as CCN. CCN are dependent on the particle physical properties 
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such as size and composition. CCN particle counters operate through saturating 
particles with butanol or, more recently, with water causing them to grow in 
diameter. These particles are then counted by measuring the pulses of scattered light 
by a single droplet as it passes through the viewing volume. Important design 
features of CCN counters include a range of saturation ratios for which information 
can be achieved. This is the method used for determining the relationship between 
CCN concentrations and saturation ratio, and the particle growth time. CCN 
measurements are of central importance in determining the influence of 
anthropogemc particles on the atmosphere. For example, a significant fraction of the 
sulphate aerosol production in the atmosphere occurs in cloud droplets (Schwartz, 
1988), and particulate pollution may increase cloud albedo, thereby decreasing the 
Earth's net incoming radiative energy (Twomey, 1991; 1984). In order to develop 
valid models for such phenomena, it is necessary to understand the relationship 
between atmospheric aerosol properties and the number and size of cloud droplets 
that can be produced from them. 
An Optical Particle Counter (OPC) is an instrument used to count and size particles 
of larger diameters and operates by detecting the scattered light from individual 
particles and relating the scattered light signal to the particle diameter. An example 
of an optical particle counter is a GRIIvIM (series 1.100) instrument. The principle  of 
these instruments is to illuminate the particles with a light source such as a 
monochromatic laser, and measure the light scattered at a particular angle. It should 
be noted that the size quantity measured by these instruments, the optical diameter 
(D0) is dependent on a particle's refractive index, geometry and internal structure, in 
addition to its physical size. This technique can provide accurate number 
concentrations with a very high time resolution and a degree of size information that 
is calculated from the peak scattering intensities. These instruments are normally 
calibrated by measuring fabricated particles of known sizes but scattering intensities 
of spheres can be predicted based on Mie Theory. The OPC is best suited to 
measuring particles of spherical shape because irregular particle shapes can generate 
unpredictable results, although some instruments can derive extra data on particle 
shape by simultaneously measuring the scattering intensities at multiple angles (Kaye 
et a!, 2000). 
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Other techniques available for sizing particles include those that measure the particle 
size based on the mobility of charged particles in an electric field. These instruments 
are known as electrical mobility analysers. A widely used electrical mobility analyser 
is a Differential Mobility Analyser (DMA). 
An Aerodynamic Particle Sizer (APS) is an instrument used to measure the 
aerodynamic diameter of single particles. The time-of-flight of single particles 
passing through the instrument  is measured as they scatter radiation from two 
continuous wave lasers set a known distance apart. The time-of-flight of each single 
particle is used to calculate its aerodynamic diameter. These instruments are capable 
of sizing particles from 0:5 pm up to 20 pm. 
Recently, instrumentation has been developed to allow freshly nucleated particles 
from 1 nm in diameter to be sized. The instrument consists of an atmospheric inlet 
attached to a time-of-flight mass spectrometer that allows the size selection of 
charged particles from atoms and nano-particles to particles of almost unlimited size 
(Von-Issendorif & Palmer, 1999; Leung et a!, 2005). 
Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy 
(TEM) are microscopic methods that can provide information on single particles in 
the atmosphere. Through the use of these methods it has been discovered, amongst 
other things, that remote marine particles contain internal mixtures of silicates and 
sea-salt due to cloud coalescence (Andreae et a!, 1986). More recently improvements 
of these microscopic techniques have allowed simulations of atmospheric reactions 
with particles in real-time using an Environmental Scanning Electron Microscope 
(ESEM). This instrument is ideal for studying the morphological changes in the 
aerosol particle during reaction. This instrument is operated at atmospheric pressure 
and allows 5 nm resolution imaging of systems like crystals dissolving in water, 
living biological surfaces and vapour-deposited growth of particles (Laskin et a!, 
2003). 
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1.4. Aerosol Mass Spectrometry 
A lot of research has been carried out using impactor or filter based measurements. 
These methods provide information on both particle size and chemical composition 
but the information are based on bulk analysis techniques and can often lead to 
misinterpretation of the sampled aerosols. The need to provide single particle 
information has led to the development of a number of techniques that allow the size 
and chemical composition of individual particles to be analysed. 
Aerosol mass spectrometry is a growing area with a large number of different 
instruments available for exploring the physical and chemical properties of aerosol 
particles. All aerosol mass spectrometers can be classified under four headings; 
sample introduction, particle detection and sizing techniques, ionisation techniques 
and mass spectrometry types. 
1.4.1. Inlets 
Particles are drawn through an inlet into an aerosol mass spectrometer from 
atmospheric pressure. The inlet controls the size range of particles that will 
eventually be focused into a particle beam. The inlet plays an important role in the 
detection and analysis of ambient aerosols and for this reason needs to be carefully 
considered when designing aerosol instrumentation. 
Inlets can be described using the theory of particle motion in a gas which is based on 
the continuum approximation The Knudsen number gives a measure of the validity 
of the continuum approximation. 
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where 2 is the mean free path of the surrounding gas (air), d is the particle diameter, 
2, is the mean free path of air at standard temperature and pressure, P(Torr) is the 
pressure of the surrounding gas and T(K) is the temperature of the surrounding gas. If 
the mean free path is much smaller than the particle diameter, then Kn << 1 and the 
continuum approximation is valid. In the slip flow regime, the mean free path is of 
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the order of the particle diameter (Kn z 1) and significant changes in particle flow 
properties are observed (Baron & Willeke, 2001) 
Whether particles follow gas streamlines or depart from them is determined by the 
Stokes number (St). If St << 1, then particles follow the gas streamlines. If St >>I, 
then particles may depart from the gas streamlines and maintain their trajectories. If 
St = 1, then particles are tightly focused along the centreline of a gas stream as it 
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where pp is the density of the particle, d,, is the particle diameter, U is the gas velocity 
at the orifice, C is the Cunningham correction factor which takes into account non-
continuum effects when the particle size approaches the mean free path, ?7 is the gas 
viscosity and D0 is the diameter of the orifice (Baron & Willeke, 2001). A good 
approximation of the Cunningham correction factor for all values of Kn is given by, 
(Mall ma et al, 2000). 
C1±1.66Kn 	 (1.4) 
Several different inlet designs are available for use in aerosol mass spectrometers. 
These inlets may focus particles of only one diameter or a range of diameters. 
An orifice inlet is the simplest type of inlet and only allows particles with diameters 
where St = 1 to be focused along the centreline of the instrument. Different particle 
sizes can be selected in some orifices by controlling the gas pressure upstream of the 
orifice (dynamic orifice inlet). 
A capillary inlet is described using two Stokes numbers, one at the inlet and one at 
the outlet. For this reason capillary inlets are capable of efficiently transmitting  a 
broader range of particle sizes than orifices. At the capillary entrance particles with 
St <<1 follow gas streamlines into the capillary whereas particles having St >>1 
either do not enter the capillary or become deposited on the walls of the capillary. At 
the exit only particles having St >>1 continue along their trajectories and enter the 
mass spectrometer region. A pressure drop along the capillary causes the C and St to 
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increase. As a result particles of a range of diameters may be focused as they 
simultaneously achieve St <<1 at the capillary entrance and Sr >>1 at the exit 
(McMuny, 2000). 
A third type of inlet available for use in aerosol mass spectrometers is an 
aerodynamic lens. These are circular apertures that operate under the same principle 
as an orifice except that the pressure drop across the lens is negligible. Figure 1.5 
illustrates how the apertures become successively smaller in diameter and eventually 
terminate in a capillary. Since all of the lenses operate at approximately the same 
pressure the Stokes number of a given particle diameter varies according to the 
aperture diameter. A flow-limiting orifice at the entrance of the lens system sets the 
pressure to an optimum value for the size range to be focused. 
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Figure 1.5. Schematic diagram of an aerodynamic lens 
Rapidly changing environments of both temperature and pressure are encountered by 
particles as they pass through an inlet. In aerosol mass spectrometers, condensation 
of semi volatile species present on particles is usually induced by gas expansion from 
the inlet. The temperature decrease generated by expansion and the short transit time 
to analysis (< 1 ms) inhibits evaporative losses. It is thought that aqueous droplets 
become super-cooled or freeze. Water vapour provides the greatest opportunity for 
condensation since it is present in such a large amount in the atmosphere (Mallina et 
a!, 1997). 
Density and particle morphology also play a large role in aerosol mass spectrometry. 
Density () can greatly affect the aerodynamic diameter of particles. Particles with 
the same geometric diameter (dr) have significantly different aerodynamic diameters 
(da) as illustrated in Equation 1.5. 
c1 = .jpd 	 (1.5) 
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All calculations describing how particles are focused by the inlet assume that all 
particles are spherical. Particles with irregular shapes often have reduced efficiency 
of aerodynamic focusing relative to spherical particles (Liu eta!, 1995a; 1995b). 
1.4.2. Particle detection 
The size of ambient particles is crucial as many chemical and physical properties as 
well as particle behaviour depend on size. Also, in combination with chemical 
composition, the size of particles can provide information of their source 
characteristics and on any secondary reactions the aerosol may have undergone. With 
regard to health effects, the size of particles determines how the respiratory tract will 
be affected with smaller particles penetrating deeper than coarser particles. 
Many if not all aerosol mass spectrometers are capable of sizing each individual 
particle or size selecting individual particles before chemical analysis takes place. In 
aerosol mass spectrometers that employ laser desorption ionisation (LDI) to produce 
ions for analysis, it is required that there is some method of detection in order to 
trigger the laser to fire unless it is already chosen to free fire the laser. 
Many aerosol mass spectrometers use the size determination as a method of detecting 
particles in the instrument. Two broad categories of mass spectrometers exist, those 
that use pulsed laser ablation to determine chemical composition and those that 
vaporise particles that impact on a filament. 
Instruments that collect particles on a filament before vaporising them use time-of-
flight measurements of the particle travelling from a beam chopper to a particle 
detector to carry out the size analysis. The detection process is sufficiently sensitive 
to be able to detect single particles as small as 50 rim, so that the number of particles 
can be determined as a function of particle size (Jayne et al, 2000). 
For those instruments that acquire chemical information through the use of a pulsed 
LDI, coordinating the particle arrival into the ablation region with the triggering of 
the pulsed laser can be difficult (McMuriy, 2000). In the LDI instruments that are 
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currently available a number of different arrangements are used. These are illustrated 
in Figure 1.6. 
(A) 
Detection Ablation 
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Figure 1.6. Configurations for detecting and ablating particles in a mass 
spectrometer (McMurry, 2000). 
Figure 1.6 (A) explains the method that is used for an aerosol mass spectrometer that 
has been employed in both field and aircraft measurements (Mckeown et al, 1991). 
This setup requires that particles travel though the centre of the instrument and 
intersect a continuous laser beam. The.resulting scattered signal is used to determine 
the optical diameter of the particle and at the same time it triggers an excimer laser to 
fire and ablate the particle. The time between the light scattering signal and the 
triggering of the excimer laser is less than 1 j.ts which ensures that the particle does 
not move too muck This technique allows the detection of particles of all different 
diameters and because a continuous laser beam in the red region is used it ensures 
that particles with diameters as small as 200-300 nm can be analysed. The 
disadvantage to this instrument is that it acquires information on the optical diameter 
of particles which is strongly dependent on particle morphology and chemical 
composition. 
The second type of detection set up is illustrated in Figure 1.6 (B). This set up 
incorporates velocity measurements to size and ablate the particle and therefore 
measures the aerodynamic diameter of the particle. A particle is detected by the 
detection laser and a set time later the ablation laser is fired and ablates the particle. 
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The time required for the laser to fire is user defined and is pre-selected for particles 
with a certain diameter. This instrument has a compact design but can only measure 
one particle diameter at a time. A similar set up is shown in Figure 1.6 (C) but this 
time two detection lasers are used (Yang et a!, 1996; Salt eta!, 1996). This setup has 
proven accurate in sizing a range of particle diameters using two detection lasers. 
The velocity of the particles travelling through these two lasers is relayed to the 
ablation laser which is triggered at a certain time related to the velocity of each 
particle. The disadvantage to this set up is that it is a larger and more complex 
design. The aerosol mass spectrometer described in this thesis has a set up similar to 
that shown in Figure 1.6 (C). 
The final type of setup allows the analysis of all particles that are transmitted by the 
inlet. As there is no method built into the instrument to size the particles a DMA is 
used prior to the instruments inlet and is used to preselect the particle diameter to be 
sampled. This setup is good because it has a compact design and is not limited to 
particle sizes that scatter light so particles with diameters as small as 10 nm can be 
analysed. A disadvantage associated with this setup is similar to the. one for 
instruments with a setup similar to that in Figure 1.6 (B) in that only a subset of 
particles is examined at any one time. 
1.4.3. lonisation methods and different instruments 
A number of ionisation techniques have been applied to aerosol mass spectrometry. 
These include Laser Ablation Microbe Mass Spectrometry (LAMMS), Secondary 
Ion Mass Spectromeiry (SIMS), surface or thermal, Electron Impact (El) and Laser 
Desorption lonisation (LDI). 
1.4.3.1. Laser Ablation Microbe Mass Spectrometry (LAMMS) 
LAMMS provides information on single particles. Particles are collected on a filter 
or substrate and subsequently irradiated with a tightly focused (0.5 gm) high-
powered pulsed laser. The ejected ions are then analysed by mass spectroinetry. 
Detection limits of a LAMIvIS instrument are at ppt levels. It is capable of speciating 
inorganic compounds including nitrates and sulphates and can also detect trace 
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organic species. A disadvantage to LAMMS is that it is offline which occasionally 
leads to a considerable delay between sampling and analysis. It is also a technique 
that exposes particles to a vacuum which results in significant evaporative losses and 
alteration of particle composition by chemical reactions occurring prior to analysis 
1.4.3.2. Secondary Ion Mass Spectroscopy (SIMS) 
SIMS uses an ionisation process in combination with a microscope such as a SEM 
(Christie et al, 1981) to obtain detailed surface analysis. The instrument is made up 
of two mass spectrometers. One spectrometer focuses a mass-analysed primary ion 
beam (Art, N2,Cs or O) onto the sample surface which forms secondary ions by 
various sputtering processes. The sputtered ions are collected by an extraction 
electrode and directed by an electrostatic lens into a mass spectrometer (Christie et 
a!, 1981). SIMS has also been used as a surface analysis tool for depth profiling 
measurements, with depth resolution between 50-100 A achieved (Witlmaack, 1995). 
LAMMS and SIMS provided a great deal of information on ambient single particles 
but they still required particles to be collected on a filter and taken to a laboratory. 
The development of mass spectrometry instrumentation  that could size and 
determine the chemical composition of individual particles using high, time-resolved 
techniques allowed more studies of anthropogemc and natural aerosols to be carried 
out over longer time periods. Due to the mobility of many of these instruments, 
studies investigating PM in the upper troposphere as well as PM over the ocean 
could be studied in near real-time. Some of the most widely used instruthents are 
discussed below under two categories depending on the method of characterising 
particles (thermal ionisation or laser ablation). 
1.4.3.3. Surface/Thermal ionisation mass spectroscopy 
Surface/Thermal ionisation mass spectroscopy was first described by Davis (1973) 
using a surface ionisation magnetic sector mass spectrometer. The technique involves 
a heated metal surface to produces ions. 
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Significant improvements and advances have been made since Davies (1973) first 
introduced the instrument. A full account of these can be found in Suess and Prather 
(1999). A commonly used instrument that applies surface ionisation is the Aerodyne 
Aerosol Mass Spectrometer (AMS) described by Jayne et al. (2000). The instrument 
is capable of providing quantitative particle size and composition measurements. 
The AMS consists of three major parts: a particle beam generation inlet system, an 
aerodynamic sizing chamber, and a particle composition detection section Particles 
are sampled through an aerodynamic inlet that provides a narrow beam of particles. 
As the air containing the particle beam expands into the vacuum at the end of the 
inlets the particles are accelerated, with smaller particles attaining higher speeds and 
vice versa The beam of particles entering the sizing chamber is chopped to provide a 
time-of-flight measurement for the time taken for a particle to reach the detector, 
from which the particle size can be determined. The particle then collides with a 
heated surface that flash vaporises volatile and semi-volatile components. The 
vaporised species are subsequently ionised by electron impact and a quadrupole mass 
spectrometer records mass spectral signals. The quadrupole mass spectrometer is 
only capable of collecting one mass value for a single particle or scanning the full 
mass spectral range for an ensemble of particles. More recently a time-of-flight mass 
spectrometer has replaced the quadrupole mass spectrometer and allows the full mass 
spectral pattern to be recorded. This instrument is capable of providing quantitative 
information on important volatile and semi-volatile species present in the atmosphere 
such as ammonium sulphates and nitrates. Aerosol Mass Spectrometers (AMS) have 
most commonly been operated using a quadrupole mass spectrometer. 
The Aerodyne AMS has been used 'in a large number of rural (Longley et a!, 2003; 
Alfarra et a!, 2004), urban (Topping  et a!, 2004) and aircraft (Bahreini et a!, 2003) 
studies. To date, all of these studies have been focused on providing quantitative 
information on the non-refractory component of the atmosphere. As the AMS is not 
limited to light scattering techniques it is capable of investigating particle sizes as 
small as 50 nm. Several studies have investigated new particle formation or 
nucleation events using the AMS (McFiggans ci al, 2004). Recently laboratory 
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studies have been carried out using the AMS in conjunction with smog chambers and 
other instrumentation to investigate secondary organic aerosol formation (SOA) 
(Baltensperger et a!, 2005). 
Improvement in instrument characteristics has been the focus of recent research and 
several research papers were presented at the European Aerosol Conference (EAC 
2005). Using a quadrupole mass spectrometer does not allow the full mass range of 
each particle to be recorded. Changing the quadrupole mass spectrometer to a time-
of-flight mass spectrometer will allow the AMS to obtain quantitative single particle 
analysis. DeCarlo et al. (2005) presented a high time resolution time-of-flight AMS 
with mass resolution up to 5000 a.m.a Recently this instrument has been deployed in 
the field (Drewnick et a!, 2005). Methods are also being developed using softer 
ionisation techniques within the AMS instrument as electron impact causes 
substantial fragmentation and makes identifying certain organic chemical species 
difficult. Northway et al. (2005) described how vacuum ultraviolet photo-ionisation 
and Li ion attachment were employed in the AMS. Less fragmentation of organic 
species were reported but at the expense of sensitivity. An AMS instrument has also 
being developed incorporating an ion trap into the instrument (Kurten et a!, 2005). 
An advantage to this is that reactions of gaseous species with single particles can be 
investigated. 
A similar approach to the measurement of a continuous beam of volatile and semi-
volatile particles with diameters as small as 20 nm is an aerosol particle mass 
spectrometer. In this instrument particles are sized using a DMA prior to the 
aerodynamic lens (Tobias et a!, 2000). This instrument has also been deployed in 
ambient studies (Kulmala et a!, 2004) and has been used in a number of studies to 
investigate diesel exhaust characteristics (Smith eta!, 2004). 
1.4.3.4. Laser Desorption lonisation (LDI) 
LDI coupled with mass spectrometry was first described by Sinha (1984). In this 
instrument a quadrupole mass spectrometer was used. Significant development has 
occurred since then. Suess and Prather (1999) give a detailed review of the 
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progression of LDI since it began in 1984. The most pronounced improvement on 
early techniques was coupling the LDI with time-of-flight mass spectrometry to 
allow the entire mass range of each particle to be analysed (Mckeown et a!, 1991). 
The first deployment of a LDI-TOF-MS for ambient measurements was described by 
Hinz et al. (1994). Since then several new generation instruments have been 
developed by different research groups (Carson et a!, 1995; Nordmeyer & Prather, 
1994; Murphy & Thomson, 1995). The layout of each instrument differs slightly 
depending on its intended application but they all remain fundamentally the same 
and consist of three basic components; aerosol inlet, particle detection and sizing 
region and a mass spectrometer. The aerosol inlet and particle detection regions and 
how they differ for different instrument set-ups have already been explained in 
Section 1.4.1 and 1.4.2. 
The instruments can be separated into two broad categories. One type relies on pre-
selecting a narrow size distribution of particles for analysis and randomly firing a 
laser (Reents et a!, 1995) and the second type uses light scattering to measure the 
particle size to generate a trigger to fire the interrogating laser synchronously with 
the particles arrival in the mass spectrometer (Gard et a!, 1997; Zelenyuk & Imre, 
2005). 
An example of a mass spectrometer that uses a randomly firing laser is the Real time 
Size Mass Spectrometer (RSMS). It is a transportable field instrument that allows the 
detection of particles down to 10 rim. The RSMS instruments perform single particle 
analysis on-line. Particles are drawn into a nozzle, which aerodynamically focuses 
them to the centreline and removes the gas. The RSMS instrument aligns an excimer 
laser and the particle beam collinearly and free-fires the excimer laser so that 
particles are hit randomly. The TOF mass spectrometer is designed to analyze ions 
from a 4 cm source region so that the probability of hitting particles is about 2%. A 
DMA instrument is often operated with this instrument to determine particle size 
prior to analyzing particle composition. This instrument has been used in a large 
number of field campaigns (Tolocka eta!, 2004). 
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The instrument used for the work described in this thesis uses particle velocity to size 
each individual particle and also to trigger the LDI laser to fire. The instrument is a 
commercial version of the original Aerosol Time-Of-Flight Mass Spectrometer 
(ATOFMS) described by Gard et al. (1997) and was purchased from TSI Inc. A 
detailed description of the instrument and how it works can be found in Chapter 2. 
An overview of the instrument is presented here. 
Air is sampled from the atmosphere through a differentially pumped aerodynamic 
nozzle to produce a collimated beam containing the particles which then passes two 
orthogonal laser beams separated by a known distance (-6 cm). Scattered light from 
a particle actuates a timing circuit and the transit time yields an aerodynamic 
diameter of the particle. The particles pass through a mass spectrometer section 
where they are ablated and ionised in the focus of a pulsed UV laser at 266 nm. The 
LDI is triggered by the same timing circuit used to size the particles. The mass to 
charge (m/z) ratios of both positive and negative ions produced are determined 
simultaneously in two time-of-flight reflectron mass spectrometers. 
The ATOFMS instrument has been deployed in field campaigns all over the world 
(Guazzotti et al, 2003; Liu et al, 2003; Beddows et a!, 2004; Dall'Osto et a!, 2004) 
and continues to be widely used to investigate the composition of single particulate 
matter. Results from a field campaign in which the ATOFMS was deployed at Mace 
Head, Ireland are presented in Chapter 4 of this thesis. Recently a number of research 
experiments have been carried out using the ATOFMS in an attempt to characterise 
and determine specific fingerprints for different vehicle emissions (Sodeman et a!, 
2005; Gross et a!, 2000b). Results have shown that although the ATOFMS is capable 
of producing fingerprints from heavy duty vehicles and other means of transport 
these fingerprints can be strongly influenced by weather conditions (Gross et a!, 
2005). 
Heterogeneous gas/particle chemistry can be monitored in near real-time using the 
ATOFMS instrument. Gard et al. (1998) monitored heterogeneous chemical 
reactions between sea-salt and gas phase nitric acid leading to sodium nitrate 
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production in the particulate phase. Laboratory measurements investigating 
heterogeneous aging of natural particles have recently been studied using a flow tube 
with an ATOFMS. Sea-salt and mineral dust were reacted with nitric acid and it was 
possible to distinguish which particle type accumulates the most nitric acid (Sullivan 
et a!, 2005) 
The commercial ATOFMS (I'S! 3800) is capable of accurately sizing particles 
between 0.3 and 3 pm, although 100% transmission efficiency is not achieved over 
this region and correction factors need to be applied to the raw ATOFMS data in 
order to correct for this. A scaling factor correcting for the ATOFMS transmission 
efficiency has been developed using conventional sizing instrumentation using raw 
data acquired during a rural sampling campaign and is explained in Chapter 5. 
More recently improved detection efficiency of the ATOFMS instrument has been 
achieved using a aerodynamic lens (Su et al, 2004). The aerodynamic lens 
attachment allows the ATOFMS instrument to detect particles as small as 30 nm As 
the particles focused by the aerodynamic lens are too small to scatter light at the 
wavelength employed by the two CW lasers (532 nm) it is not possible to use light 
scattering to aerodynamically size the particles as the particles diameters are less 
than the wavelength of the two sizing lasers (532 rim). Therefore the LDI is free-fired 
and particle sizes are pre-selected using a DMA/ or other particle sizing 
instrumentation prior to the aerodynamic inlet. More recently other groups have 
developed their own aerosol time-of-flight mass spectrometer (Erdmann et a!, 2005). 
These instruments are based on the original ATOFMS design, differing only in the 
wavelengths of the lasers used, and are known as the Single Particle Analysis and 
Sizing System (SPASS). 
The laser desorption ionisation technique gives rise to a considerable variation in 
mass spectral signatures even for nominally  identical particles. This is mainly due to 
the pulse-to-pulse variations in the laser pulse. Also the laser pulse used in the 
ATOFMS instrument has a Gaussian profile so it is possible that different particles 
will interact with different regions of the laser and therefore absorb different 
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quantities of laser energy. Modifications have been made to the ATOFMS instrument 
to enable it to produce more reproducible spectra. Wenzel & Prather (2004) and 
more recently Steele et at, (2005) have demonstrated that fiat top laser profiles can be 
achieved through the use of either optic fibres or extra-cavity optics. 
This pulse-to-pulse variation in laser energy makes quantification of ions formed 
using LDI difficult. Several attempts of quantification of ATOFMS data have been 
attempted using data from mass impactor measurements (Bhave et al, 2002; 
Fergenson et at, 2001). A similar procedure is described in Chapter 5 where 
quantitative scaling factors are developed for Na, K and Cf. 
Alternatively Morrical et at. (1998) used a two-step LDI process with the ATOFMS. 
Their results showed that reproducible mass spectra could be obtained as well as 
obtaining more detailed molecular information from each particle. Woods et al. 
(2001) also employed two-step LDI and reported that quantitative information could 
be achieved using laser-based systems. More recently Zelenyuk and Imre (2005) 
describe a new aerosol time-of-flight mass spectrometer, the Single Particle Laser 
Ablation Time-of-Flight Mass Spectrometer (SPLAT). This instrument is slightly 
different to the SPAS S and ATOFMS in that it employs two lasers to vaporise and 
then ionise each particle. By decoupling desorption from ionisation, the two laser 
method provides added flexibility of allowing both the laser power and wavelength 
to be optimised independently. 
Moffet and Prather (2005) showed that by measuring the scattered light signals 
obtained by the ATOFMS sizing lasers in the particle detection and sizing regions it 
was possible to obtain density and refractive index information on each particle. This 
information could eventually be used to test assumptions in current global climate 
models regarding how particle mixing state impacts aerosol optical properties. It is 
also hoped that the density and morphology information will facilitate the 
transformation of particle number concentration to mass concentration. 
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Other research groups have modified the ATOFMS instrument to allow for the 
detection of single bio-aerosols. Van Wuijckhuijse ci al. (2005) described a new 
ATOFMS instrument that combines laser-induced  fluorescence selection and Matrix 
Assisted Laser Desorption lomsation (MALDI) to detect and analyse single bio-
aerosols in real-time. The detection and analysis of bio-aerosols may help prevent 
potentially large-scale disease (Gard et a!, 2005). Other research groups have used 
LDI mass spectrometry to study bio-aerosols. In one study an ion trap mass 
spectrometer was used to record positive and negative ion mass spectra from bacteria 
(Gieray et al, 1997). 
LDI has been used in MAID! for a long time to characterise proteins. Although the 
technique is well established the method by which positive and negative ions form 
after interacting with the laser beam is less well understood (Kruger & Karas, 2003; 
Knochenmuss & Zenobi, 2003). Laser ablation of alkali salts is explained in Chapter 
3 and several mechanisms for the formation of ions with an emphasis on negative ion 
formation are suggested. 
1.4.3.5. Other single particle analysis techniques 
Another interesting technique for determining the chemical composition of 
atmospheric particles is a Single-Particle Raman Spectrometer (SPaRS) for the non-
destructive chemical characterisation of aerosols. This is a new system that is 
designed for the analysis of single levitated micron sized particles. Raman scattering 
can give information on light scattering which can be used to determine particle size, 
shape, and physical structure. This system is still being developed although it has 
demonstrated its use in laboratory experiments (Greenaway et al, 2005). 
The aim of this thesis was to evaluate the capabilities of a commercial ATOFMS 
instrument in a number of areas within aerosol research. This thesis covers the 
deployment of the ATOFMS instrument for environmental sampling campaigns 
which examines both anthropogenic and natural aerosols (Chapter 4 + 6). The 
interaction between aerosolised drug particles and how it affects the efficiency of 
respiratory drugs was examined using the ATOFMS in Chapter 7. Fundamental 
interactions between laser light and single particles that resulted in the formation of 
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positive and negative ions were investigated for alkali salt particles (Chapter 3). Also 
included are methods that correct for the ATOFMS transmission bias as well as 
scaling efficiencies to obtain high time resolved quantitative information (Chapter 5). 




Chapter 2 Experimental 
2.0. Introduction 
The data for the experiments described in this thesis have been acquired through the 
use of an ATOFMS. This chapter explains the design and operation of a commercial 
ATOFMS. Explanation of how aerosol particles were formed in laboratory 
experiments have also been detailed along with a brief discussion of the data 
handling of single particle mass spectra 
2.1. The Aerosol Time-of-Flight Mass Spectrometer (ATOFMS) 
The ATOFMS instrument can be roughly divided into 2 main sections, the 
instrument and its controls. The instrument section can be further divided into 3 
regions, (a) an interface region (particle sampling), (b) a particle sizing region and (c) 
a mass spectrometry region, which are described in Section 2.1.2-2.1.4. 
2.1.1. General Design Features. 
Figure 2.1 is a photograph of the field transportable commercial ATOFMS 
instrument purchased from TSI. The ATOFMS instrument is 170 cm x 74 cm x 130 
cm (length x width x height) and weighs approximately 345 kg. The frame is 
composed of extruded aluminium beams that are bolted together. This frame is 
designed to support the weight of the instrument as well as pumps, electronics, and 
laser systems. The frame was constructed to act as a buffer from bumps during 
transport. As can be seen in Figure 2. 1, the roughing pumps are mounted below the 
main body of the frame in order to lower the centre of gravity and make the 
instrument more stable. These pumps, along with the flight tube, are mounted on 
rubber shock absorbers to minimise the effects of vibration during transport and from 
the roughing pumps themselves. Mounted above the electronics is the main body of 
the instrument which includes the time-of-flight mass spectrometer, light scattering 
region, and particle interface. The computer controlling the instrument is located at 
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the bottom left hand side of the frame. The computer is linked to the instrument 
control box. MS-Control software (TSI) manages the electronic relays inside the 
control box to switch the instrument on and off. 
The instrument was designed to be able to fit through normal doorways, thereby 
increasing the number of locations that can be easily accessed. It was fitted with 15 
cm diameter pneumatic tyres for increased mobility and improved shock resistance. 
The tyres can be inflated completely to minimise rolling resistance when pushing the 
instrument onto a truck or into a building, and then partially deflated to increase the 
shock absorbing capabilities once put into the desired position. In addition the frame 
is strong enough that the entire instrument can be lifted, if necessary, by the frame. 














Figure 2.1. A photograph of the ATOFMS (TSI 3800) 
2.1.2. Interface region 
The interface region consists of a capillary air inlet and nozzle, together with two 
regions of differential pumping through which the particles enter the ATOFMS 
system (Figure 2.2). Air and particles are drawn in through the air inlet at a rate of 
0.9 11mm. The inlet nozzle is a convergent nozzle with a channel diameter of 340 gm 
and a length of 400 jim. it is responsible for the initial pressure drop from 
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atmospheric pressure to about 2 Ton in the first vacuum stage of the particle 
sampling region. This initial pressure drop contributes to the formation of the particle 
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Figure 2.2. A photograph of the ATOFMS particle sampling and sizing region. 
The region between the inlet nozzle and the first skimmer (first stage) is held at 
approximately 2 Ton by a mechanical rotary (roughing) pump. The first stage of the 
interface region is important for generating the velocity difference between particles 
of different aerodynamic diameter. The first skimmer effectively separates the first 
and second stage and is responsible for the pressure reduction between the two 
stages. The second stage is located between the first stage and the particle sizing 
region. This stage also provides a pumping port and a port for a Pirani pressure 
gauge. A second skimmer, located between the second stage and the particle sizing 
region, is used to maintain the pressure at about 10 Ton in the particle sizing region 
and to collimate the particle beam. 
Pirani pressure gauges are used to measure the pressure on the first and second 
vacuum stages. The pressure is displayed on the pressure gauge controller and on the 
desktop of the MS-Control (TSl Inc.) computer screen. 
The inlet nozzle of the ATOFMS can get blocked over time, particularly when high 
particle concentrations are being sampled and frequent cleaning is then required. 
Keeping the nozzle clean ensures that optimal particle expansion is occurring 
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through the interface. In order to facilitate cleaning  of the inlet, a ball valve is 
incorporated into the interface. This allows the air inlet nozzle to be removed without 
having to vent the whole instrument to the atmosphere. A special lifting tool allows 
the air inlet nozzle to be removed more easily, and ensures that the nozzle barrel is 
not damaged, thus preventing misalignment or accidental reinsertion while the ball 
value is closed. It also has a built-in stop to ensure the nozzle cannot be withdrawn 
too far as this would break the vacuum seal before the ball valve was closed. 
2.1.3. Particle Sizing Region 
The particle sizing region (Figure 2.3) is located between the particle sampling 
region and the mass spectrometry region. It consists of two Continuous Wave (CW) 
lasers two photomultiplier tubes (PMTs) and a timing circuit. 
PMTJ 
532nm 
I Fhoion I I Timing 
I Counter 1I circuit 532nm 
NL FAG Laser 
PMT  
Figure 2.3. Schematic diagram of the ATOFMS particle sizing region 
Once the particles pass through the second skimmer they enter the light scattering 
region where the particle velocity (calculated from the time it takes a particle to 
travel from one CW laser beam to the next) is used to determine the aerodynamic 
diameter of each particle using an internal calibration curve. 
The particles are detected by scattering light from two CW diode pumped solid state 
Neodyium:Yttnum Aluminium Garnet (Nd:YAG) lasers. Each laser emits 50 mW of 
green laser light (532 nm). The light is introduced into the sizing region through 
beam probes. The beams are located orthogonal to one another so that only particles 
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travelling through the centre of the system will be measured. Particles passing 
through both scattering laser beams are therefore likely to make it to the ablation 
region. 
The scattered light signal resulting from the interaction of individual particles with 
the CW lasers is focused on to the PMTs using ellipsoidal mirrors. The signal from 
the PMTs is sent to a timing circuit. The timing circuit starts a count up sequence 
when a single particle scatters light from the first CW laser. The count up sequence is 
stopped when the particle scatters light from the second CW laser beam. The time 
taken for the particle to travel from one CW laser beam to the next is used to 
calculate the particles velocity using an internal calibration. This velocity is then 
translated into an aerodynamic diameter. The particle's velocity is also used to 
determine  the time that it will take for the particle to reach the centre of the source 
(ablation) region of the ATOFMS. The timing circuit signals the 
desorption/ionisation (DI) laser to fire ablating the particle and generating ions that 
are analysed by the dual-ion time-of-flight mass spectrometer. 
The ultimate verification for the size of a given particle with the ATOFMS system is 
the acquisition of a mass spectrum. The mass spectrum can only be acquired if the 
time recorded by the timing circuit was not due to a coincidence error. A coincidence 
error occurs when a particle passes through the first laser, starting the count up 
sequence, and a different particle, either one moving faster and overtaking the initial 
particle, or a particle that is ahead of the initial particle but did not pass through the 
first laser, passes through the second laser. This type of error results in a recorded 
time that is shorter than the true time-of-flight of the particle that started the timing 
circuit count up. When a coincidence error occurs it causes the DI laser to fire either 
too early or too late, depending on which type of error occurs. Another type of error 
occurs when a particle passes through the first laser but does not pass through the 
second laser. Typically, another particle will pass through the second laser to stop the 
count but this will result in a time that is too long for the particle that started the 
count up sequence. This type of error is related to the divergent inlet nozzle of the 
ATOFMS. 
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The aerodynamic sizing region of the ATOFMS makes it possible to monitor rapid 
changes in particle size distributions in real-time. The ATOFMS aerodynamic sizing 
region has proven to be accurate in sizing particles in the range from 0.3 ,tm to 3 rim. 
This broad size range enables the ATOFMS system to cover a range of particle sizes 
found in the ambient atmosphere. 
Size calibrations were preformed using PolyStyrene Latex spheres (PSL) in various 
sizes, ranging from 0.2 to 7 ,.tm in diameter. These size calibrations were used to test 
the performance of the light scattering region and to generate a calibration curve. It 
was important to carry out size calibrations often in order to obtain correct size 
values for the sampled aerosols. Ideally size calibrations should be performed at least 
every two months or whenever the instrument is moved to a different sampling 
location. 
A particle size calibration is performed by running a number of particles of known 
aerodynamic size through the instrument and recording their transit time between the 
two sizing lasers. The resulting set of data points is then fitted to a third-order 
polynomial function (aerodynamic diameter Da versus transit time) and the resulting 
function is used to calculate the size of sampled particles. A third order function is 
used because it describes the actual size velocity relationship in the chosen size range 
very well (Figure 2.4). 
Full details of how the two continueous szing lasers are aligned are outlined in the 
TSI user manual which can be found at http://www.tsi.com/documents/1930036A -
3800.pdf on page 38 of Chapter 7. 




	 3rd order polynomial 








0.01 0.1 	 1 
Aerodynamic diameter Da (pun) 
I 
10 
Fi2ure 2.4 Shows an example of a size calibration. This Figure does not 
represent real data and has been taken from the TSI user manuel. 
2.1.4. Time-Of-Flight Mass Spectrometer region 
The mass spectrometry region is the largest part of the instrument. It provides 
information about the chemical composition of the single particles analysed. A 
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Figure 2.4. Schematic diagram of the ATOFMS mass spectrometer region with 
particle sizing region. 
As the particle exits the light scattering region it passes through a conductance 
limiting tube. This tube serves two purposes; one is to act as a pumping  conductance 
limit, in order to isolate the interface vacuum system and the time-of-flight mass 
spectrometer, while the other is to act as a charge shield for particles entering the 
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source. It was determined that excessive charge on a particle could cause sufficient 
deflection for the Nd:YAG laser to miss the particle (Morrical, 1999). Therefore, the 
conductance limiting tube shields the particle until it reaches the ion source 
Upon reaching the ion source, the particle is ablated and ionised by a Q-switched Nd: 
YAG laser operating at 266 nm. The laser light is directed into the ablation region by 
the UV laser optics. The laser head of the DI laser is mounted on the side of the mass 
spectrometer housing. 
The Nd:YAG laser with a maximum output of 1 mJ/pulse and a pulse length of 5 ns 
is used for ablation and ionisation The UV laser optics consists of two mirrors and a 
lens. The two mirrors can be adjusted to position the laser beam in the centre of the 
UV window. Two types of feedthroughs are used to provide the necessary potentials 
to the relevant parts of the mass spectrometer. Two turbo molecular pumps are used 
to pump the mass spectrometer region to - torn These pumps are specially 
manufactured to allow them to run upside down. 
There is a UV laser energy probe mounted on the back side of the mass spectrometer 
housing. It measures the DI laser energy and also acts as a beam stop. The laser 
energy is measured for each shot and displayed on the laser energy meter. If a mass 
spectrum is detected, this value is displayed on the MS-Control desktop and saved 
with the mass spectral data. 
The mass spectrometer system consists of an ion source, two micro channel plate 
(MCP) detectors, and two flight tubes with reflectron ion optics. This allows the 
detection of both positive and negative ions at the same time. The use of a non-
scanning method and the simultaneous detection of ions of both polarities are 
important features application since particles are unique and you only get one shot at 
each particle. 
Once the particle has been hit by the DI laser the positive and negative ions formed 
are extracted from the ion source and accelerated in opposite directions. Each side 
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has its own flight tube (reflectron and detector). The MCP detectors consist of two 
plates with small channels going through them. The diameter of the channels is about 
25 pin. A potential of— 1800V is applied across the detector plates. When an ion hits 
the wall of one of the channels it releases a number of electrons. These travel further 
down the channel and hit the wall again, releasing a number of electrons again, and 
so on. This cascade of electrons finally exits the back of the detector and is 
accelerated towards a metal anode. When the electrons hit the anode, they create a 
pulse that is recorded by the data acquisition system. 
During the DI event, ions can get additional kinetic energy from the rapid ablation 
process. Some ions travel in the direction that they are accelerated in and some ions 
travel in the opposite direction. This leads to a spread in ion energy. As a result of 
this, ions of the same mlz end up with different velocities which then lead to peak 
broadening, due to different arrival times at the detector. In order to correct for this a 
reflectron has been included in the instrument design. The reflectron consists of a 
number of parallel concentric electrodes to which a potential ramp is applied. When 
ions enter into the reflection, they slow down, stop, turn around, and are accelerated 
out of the reflectron again. This reduces the spread in kinetic energy and leads to 
sharper peaks 
2.2. Data analysis and manipulation 
The ATOFMS instrument records and stores mass spectral information for each 
particle sampled. This information is stored on line using MS-Control software (TSI 
Inc.). For the experiments presented in this thesis mass spectra were usually collected 
in blocks, dependent on the number of particles sampled by the instrument. These 
data blocks varied from 1 hour to 6 hours for atmospheric measurements and up to 
one hour for laboratory experiments, depending on the total sampling time as well as 
the particle hit rate. The datasets were kept relatively small as large sets of data are 
difficult to analyse and the analysis is limited by the computer used (i.e. RAM, 
processor speed etc.). For all experiments and campaigns the data were analysed 
after collection using MS-Analyze software (TSI version 3.4.2). This acts as a front 
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end or graphical interface to Microsoft Access and has been specially developed to 
analyse and display results from the ATOFMS. MS-Analyze is important in the first 
stages of analysis and for calibrating the spectral data, as it allows one to become 
familiar with the total dataset. It displays a statistical summary of the data including 
hit rate, sampling time and the total number of particles sampled. It also displays the 
number of hit and missed particles as a function of aerodynamic diameter and as a 
function of time. Furthermore it has a built in search function which allows the user 
to search through the entire dataset for ion signals corresponding to certain chemical 
species. 
Mass spectral calibration is accomplished by running a well characterised sample 
such as a solution containing a number of known inorganic ion salts of varying m/z. 
Alternatively, brake dust, where strong metal, carbon and inorganic peaks are 
observed over a wide range of mlz values can be used. A typical calibration would 
use the maximum number of peaks allowed by the software (-42) selected from a 
number of spectra It is necessary to run a calibration file before sampling takes place 
as well as at regular intervals during sampling and again after sampling. This ensures 
that if mass spectral shift occurs in the dataset it will be identified by the different 
calibration files. This is especially important when sampling pharmaceutical datasets 
or other particle types with a high organic content which normally result in a high 
number of positive and negative ions as a result of extensive fragmentation. 
Once the calibration is in place and checked against the whole dataset it is often 
necessary to further adjust the calibration to reduce small mass spectral shifts. A 
typical calibration curve is shown in Figure 2.5. The curve is described by the 
following equation (Equation 2.1): 
nilz=(aTf+b)2 	 (2.1) 
where Tf is the time-of-flight (2 ns/unit and 'a' and 'b' are constants. Using this 
equation the time-of-flight recorded by the mass spectrometer for a specific ion can 
be converted into an m/z ratio. The mass resolution of the TOF flight region is ± 0.5 
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m/z units which is not as high as some other commercially available instruments. 
This resolution becomes poorer as higher masses are analysed. 
This is because of the relationship between m/z and Time-of-Flight (TOF) which is 
m/z = K*t2, where K is a constant. When doing error analysis it is seen that A(mlz) = 
2*K*t A(t). If it is assumed that the error in the time measurements (A (t)) giving 
small m/z values is the same as that for large m/z values then from this relationship 
we see that the error in the mlz value, A(m/z) is proportional to t. What this means is 
that as larger rn/z values are measured the error in the measurement goes up. 
To improve the mass resolution at higher masses you can increase the length of the 
TOF tubes or/and decrease the velocity of the ions at the source in order to reduce 
the value of K which is given by K = ((2*V s*e)/(d2)). 
In order to reduce the amount of error in the mass calibration it is necessary to ensure 
that the values used to calibrate the mass spectra are outside the range of values that 
need to be measured, i.e. make sure you interpolate and not exterpolate. 
Exterpolation on a second order polynomial can be quite erroneous (Beddows, 
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Figure 2.5. Positive calibration curve for converting time-of-flight values into 
mass-to-charge ratios. 
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Before establishing the major chemical components in the dataset it is necessary to 
select peak parameters that will differentiate the peak signals from background noise. 
This is important in order to make sensible classifications at a later date. Typical 
parameters used to define the peak baseline in this analysis were, 20 units above the 
baseline, 20 square units of area and greater than 0.002 as a fraction of the total area 
These values were varied in order to obtain the optimum information from each 
dataset, particularly for the lab based studies. Once the calibration was in place and 
peak parameters were set, all particle spectral information was recorded into a 
Microsoft Access 2000 database. Once all the mass spectral information was 
recorded in MS-Access, MS-Analyze was used to confirm search criteria and results 
obtained from MS-Access. MS-Access was then used in conjunction with Microsoft 
Excel by designing queries to produce particle hit rates, compositional classification 
and temporal trends. 
In some datasets where large numbers of particles were acquired it was necessary to 
incorporate statistical analysis techniques in order to provide an unbiased analysis of 
the data Clustering techniques are the most commonly employed in single particle 
mass spectrometry and in this thesis a K-means clustering algorithm is used. Further 
explanation of the K-means clustering algorithm is provided in Chapter 4.0. 
2.3. Aerosol Generation 
During laboratory studies aerosols were generated using commercial air jet 
nebulisers (RESPIRGARD-110). Air jet nebulisers employ the Bernoulli Effect to 
draw solution from a reservoir through a capillary to a region of low pressure 
induced by a high airflow. Figure 2.6 illustrates a common arrangement of an air jet 
nebuliser. 
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Figure 2.6. Schematic diagram of an air jet nebuliser. 
Liquid aerosols are typically droplets of spherical shape. The air jet nebuliser 
operates to produce a thin film of liquid that breaks up into droplets. The air enters 
the nebuliser at a flow rate which depends on the diameter of the orifice and the 
pressure drop across it. The air expands and passes the mouth of the liquid inlet tube 
at high speed. A drop in pressure brings about the flow of liquid into the airstream. 
Acceleration of the droplets causes large ones to impinge on the walls of the 
nebuliser and return to the bulk solution with a decrease in the temperature of the 
solution. Water evaporation causes a continuous increase in the concentration of the 
solute in the liquid remaining in the nebuliser. The small droplets can evaporate to 
form a small particle of solute which is entrained in the airstream. These particles can 
be sized and an estimate of the initial droplet size (dD) can be obtained from the 
relationship between the initial droplet size and the final particle size (dp) if the 
density of the droplet (p1))  and particle (g,) and solution concentration (C, mass 
fraction) are known according to equations 2.2 and 2.3. The size distribution sized by 




P  =Q -,r4p1)) 	 (2.2) 
d = dD(CpD /p)"3 	 (23) 
2.4. Aerosol drying- 
Drying of aerosol droplets was achieved using  a laboratory made silica-gel dryer 
(Figure 2.7). Two concentric cylinders, formed by an inner wire screen cylinder and 
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a glass outer cylinder, contained the silica-gel. As wet aerosol flows through the 
inner cylinder, water vapour diffuses through the wire screen and is absorbed by the 
silica-gel. As the particles do not come into contact with the silica-gel, particle loss is 
minimised. In order to regenerate the silica gel it was placed overnight in an oven at 
120°C. 
Wet aerosol in 	- - - - - 	' Dry aerosol out 
SU 
Inner tube made of wire screen 
Annular space filled with silica gel 
Figure 2.7. Schematic diagram of the cross section of the silica gel dryer 
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laser irradiation of alkali aerosols using the 
ATOFMS 
3.1. Introduction 
Aerosol mass spectrometers enabling  near real-time, size and chemical analysis of 
atmospheric particles have been developed by a number of different research groups 
(Sullivan & Prather, 2005). These instruments all require desorption and lonisation of 
some or all of the particle material (Chapter 1). In many instruments this is achieved 
by pulsed LDI using ultraviolet laser radiation (McMuny, 2000). To relate resultant 
mass spectral data both qualitatively and quantitatively to particle composition, a 
comprehensive understanding of the ion-formation processes is required. Although 
aerosol mass spectrometers are now extensively deployed to analyse ambient 
particles, almost no work has been done to interpret the main processes of negative 
ion formation in LDI systems. 
LDI requires mechanisms for transfer of laser energy to the particle and for the 
disintegration and ionisation of the constituent material. In the late 1970's 
experimental investigations on particle disintegration were carried out on a 20 tm 
water droplet using a 10.6 tun laser (Kafalas & Ferdinand, 1973). Ablation and 
expansion of the front side of the particle followed by spallation of the backside of 
the particle was evident in the photographs. More recently Garrison and co-workers 
(Schoolcraft et a!, 2000; 2001; Zhigilei & Garrison, 1998) have applied molecular 
dynamics simulations to particle disintegration following resonant absorption of 
ultraviolet light and showed that the particles undergo a rapid temperature rise with 
the formation of molecular and larger fragments in a number of picoseconds after 
irradiation. However, in both of these examples, the coupling of radiation to the 
particle was resonant. 
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Even in MALDI, a widely-deployed and closely-related experimental technique, the 
ion formation process(es) remains unclear. In a recent review Kruger and Karas 
(2003) stated there is clear evidence that typical MALDI analytes are already 
incorporated pre-charged, as defined by the solution pH, in the matrix crystal, i.e. 
that ions are preformed and an active ionisation step by charge transfer to neutral 
species is not required. These studies were carried out using organic indicator dyes to 
compare the original sample state in solution with the sample state in the matrix It 
was reported that the sample stays in the charged state in which it would be found in 
solution and therefore there are ions preformed in the lattice which could be blown 
out On the other hand, Knockenmuss and co-workers (2003) have proposed that 
secondary reactions in the MALDI plume are the dominant determinant of the final 
detected mass spectrum. 
In real-world atmospheric measurements, the particles to be analysed differ widely in 
chemical composition so, in general, there will not be resonant energy coupling 
between the laser radiation and the matrix/analyte as is the case for the above 
experiments. As a model system for investigation in this work, particles composed of 
mixtures of halide, sulphate and nitrate salts of alkali metals were used. Particles 
containing such salts constitute a large fraction of atmospheric aerosol, particularly 
in environments with marine influence. Sea-salt aerosols are formed from 
mechanical or abrasive processes such as wind-blown sea spray and bubble bursting 
(Finlayson-Pitts & Hemminger, 2000). Gaseous atmospheric species such as 
sulphuric or nitric acids condense onto the surface of these (and other) particles and 
lead to reactive displacement of chloride ions to form mixtures of NaCl, NaNO3 and 
Na2SO4 salts within the particle. Oxidation of natural and anthropogenic sulphur 
compounds emitted to the atmosphere also leads directly to homogeneous nucleation 
of sulphate-containing aerosol with consequent effects on health, visibility and 
climate radiative forcing (Kane & Johnston, 2001). Furthermore, because of the low 
ionisation potentials of the alkali metals and high electron affinities of the halides, 
sulphates and nitrates, such particles are particularly amenable to detection by LDI 
aerosol mass spectrometers making it additionally relevant to try and understand the 
mechanisms leading to the observed mass spectra from these types of particles. 
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Negative ion detection is particularly useful for some species, such as sulphate, 
where detection in the positive ion mode by laser ablation mass spectrometry is 
difficult (Kane et a!, 2002). 
Alkali salt aerosols have been studied previously using an ATOFMS (Gross et a!, 
2000a) to determine relative sensitivity factors for the alkali metal cations in the 
positive ion mass spectra Increased sensitivity with cation atomic mass, consistent 
with the periodic trends of both alkali metal ionisation potential and lattice energy of 
the corresponding salt, was reported. The response factors obtained for Na and K 
were used to accurately determine the relative amounts of Na and K in sea-salt 
particles. Negative ion formation processes were not investigated. Using a different 
type of LDI aerosol mass spectrometer, with irradiation at 193 nm, Kane et al. (2002) 
suggested that negative ions formed in the ablation of oleic acid, ammonium nitrate 
and sodium chloride particles arose via capture by vaporised molecules and 
fragments of free electrons produced during laser ablation. The study of negative ion 
mechanisms in LDI systems is thus extremely limited. Hence an overall objective of 
this work was to elucidate the possible mechanisms by which negative ions are 
formed in the 266 nm UV LDI of micron-sized alkali halide, nitrate and sulphate 
particles by analysing statistically-relevant ensembles of similar particles as a 
function of LDI fluence. All alkali salt systems examined are insulators with a wide 
band gap that ranges from 6 eV for iodides to 10-14 eV for fluorides making them 
transparent to UV radiation. The band gap refers to the energy difference between 
the conductance band and valence band and is illustrated in more detail in Figure 3.2. 
3.2. Experimental 
Aerosols were produced with an air jet nebuliser (RESPIRGARD-11 0). Primary 
droplets were generated from equimolar solutions (ranging from 0.01M - 0.1M) of 
MCl/MIX and where M = Nat, K, Li and Cs and X= Br, I, F, SO4, NO3) in a 50/50 
(v/v) mixture of methanol and water. The primary droplets were dried using a 17 cm 
silica gel dryer (fabricated in-house) to remove the methanol and water. The size 
distributions of the salt droplets were monitored by the ATOFMS sizing lasers giving 
a distribution of 0.6 ± 0.2 p.m. Using Equations 2.2 and 2.3 outlined in Chapter 2 it 
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was possible to roughly calculate that the initial droplet diameter before drying was 
approximately 2.6 pm for a 0.7 p.m particle sized by the ATOFMS. 
In addition to the intrinsic pulse-to-pulse variation in laser energy, other 
uncontrollable causes of particle-to-particle variation in mass spectra for nominally 
identical particle/ablation conditions include inhomogeneity in the cross-section of 
the laser beam and variation in the exact intersection of the particle with the laser 
beam. At least 250 repetitive mass spectra were acquired for each experimental 
combination of particle composition and LDI fluence in order to provide reasonably 
robust ensemble statistics. Negative ions and positive ions ejected by the ablation 
event were accelerated into the reflectron Time-of-Flight mass analysers where they 
were detected with dual MCP detectors. 
All chemicals were used without further purification: NaCl (Fisher), Nal (Fisons), 
NaBr (Fisher), methanol (HPLC grade, Fisher). The distilled water was taken from a 
water filtration system (ELGA LA613). Solutions investigated were made up to 
0.O1 M, 0.05M and 0.1M concentrations. 
3.3. Results and Discussion 
3.3.1. Particle composition and laser-to-particle energy transfer 
Aerosol particles were formed through nebulising an equimolar solution of the alkali 
salt mixture through a 17 cm silica gel dryer. The particles experience rapid solvent 
evaporation and freezing as they pass through the silica gel dryer into the low 
pressure regions of the ATOFMS (Mallina eta!, 2000). Cohen etal. (1987) reported 
that particles were spatially heterogeneous in the dry state and water was possibly 
trapped between crystalline regions within the particle. As water has a high enough 
vapour pressure, partial evaporation and flash freezing of any remaining water may 
occur during the time between sampling and analysis, therefore, particle-to-particle 
variations in morphology may affect the ion formation (Mansoori et a!, 1994). For 
this reason particles that entered the ATOFMS system are likely to have contained a 
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number of defects, and be irregular in shape. The exact nature of the spatial 
distribution of the co-crystallisation of the two salts in the particle is not known 
although some possible schematics are illustrated in Figure 3.1. 
Figure 3.1. Two general schematics of possible structures for binary alkali salt 
particles. The darkest shade represents water that may still be associated with 
the particle even after drying. The light grey and the hatched areas represent, 
respectively, the most soluble and the least soluble of the two salts used to 
prepare the particle. 
For the alkali salt mixtures that have been investigated one component of the mixture 
is far less soluble than the other. Recent work published by Hoffman et al. (2004) 
suggests that for a solution of mixed salts the least soluble component of a mixture 
will crystallise out of the droplet first followed by the second more soluble 
component. Further evaporation of water is expected to give a particle that consists 
of the least soluble component encapsulated in a mixed salt coating with the eutonic 
composition. For multi-component aqueous aerosols, the crystallisation behaviour 
depends on the temperature, relative humidity, and chemical composition, namely, 
the relative mole fraction of the electrolytes. Consider two salts in solution, as the 
relative humidity is lowered, one of the salts eventually becomes saturated and its 
crystalline phase forms. As the relative humidity is continually lowered, more of this 
salt crystallises and simultaneously the solution becomes more concentrated in the 
other salt. Eventually the other salt reaches its saturation point. At a certain relative 
humidity, the two salts precipitate together and a mixture of solid phases forms. This 
relative humidity point is called the mutual deliquescence relative humidity 
(MDRH), and the corresponding aqueous phase composition is called the eutonic 
composition. 
It is likely that the crystalline phase of the particles contains a very large number of 
defects. Even nominally pure solids usually have defect concentrations, such as 
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vacancies, interstitials, non-equilibrium charge states or isotopic centres, in the parts 
per million range. Since all the alkali halides, sulphates and nitrates examined in this 
work are transparent to UV radiation (band gaps ranging from 6 eV for iodides to 10-
14 eV for fluorides) it is the defects present in the solid structure that lead to 
radiation absorption (Cramer eta!, 2002). 
If hv is less than the band gap E g, the optical properties of these materials are 
controlled by the lower energy intraband electronic transitions and by excitation of 
vibrational modes within the lattice. In addition, laser radiation may induce one-
photon transitions between defect states and the conduction band, absorption by 
impurities, excitomc resonances or multiphoton transitions between valence and 
conduction bands (Figure 3.2). 
Interband Defect 	conerent Intraband two-photon 
il 
Figure 3.2. Schematic of different types of electronic excitations in a solid. 
Straight lines indicate absorption or emission of photons with different energies, 
hv. Oscillating lines indicated non-radiative processes (adapted from (Bauerle, 
2000)). Eg is the energy required by an electron in the highest energy valence 
state, to cross the gap up to the lowest level in the conduction band. 
In general terms, irradiation of alkali halides with energetic electrons or photons 
results in the creation of hot electron—hole pairs (free excitons) in the solid which 
subsequently could cause defect production and diffusion, as well as particle 
emission from surfaces. It has been demonstrated that hot carrier formation and 
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transport processes, occurring prior to lattice trapping and localisation, are 
responsible for the so-called non-thermal desorption of atomic halogen in several 
alkali halides (Szymonski eta!, 2001). Figure 3.3 shows a number of different types 
of defects that maybe present in the lattice after the irradiation with a UV-laser. 
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Figure 3.3. Defects in NaCI lattice, F-centres arise when an electron gets 
trapped at an anion vacancy. A H-centre occurs when two halogen atoms 
occupy one lattice site (Szymonski eta!, 2001). 
Laser radiation is absorbed either by exciting free electrons, or electronic or 
vibrational transitions in atoms, ions, or molecules (Figure 3.3). Various electronic 
excitations can occur (interband and intraband transitions, excitons, plasmons (a 
quasiparticle resulting from the quantisation of plasma oscillations), etc), as well as 
excitations of phonons (vibrations occurring within the crystal lattice), polaritons (a 
polariton is the result of the mixing of a photon with an excitation of a material), 
magnons (A collective excitation of the electrons' spin structure in a crystal lattice), 
etc. Electronic or vibrational states may be localised or non-localised, and may be 
related to the solid surface itself but also to defects and impurities. 
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In particular, F-centre defects (an anion vacancy with a trapped electron) absorb 
strongly in the UV region (Pedraza, 1998) and are likely to be responsible for 
coupling the ATOFMS DI laser energy (466 eV) to the particle. The defect electrons 
become photo-detached and are either ejected from the surface and contribute 
directly to plasma formation or heat the lattice through electron-phonon collisional 
energy transfer and heat conduction. These transfer processes occur within a few 10 
ps, well within the LDI pulse duration of 5 ns. Within a few ns, the rapid heating 
leads to melting and rapidly expanding vaporisation of the plasma plume containing 
electrons, charged and neutral atoms, clusters and larger fragments. It will take many 
is for the plume to expand to collision-free densities in a field free region (ions will 
be quickly removed in the presence of high voltage accelerator plates whereas 
neutrals will continue to expand). Thus whilst both creative or destructive photo-
processes can only occur during the 5 ns of laser radiation, reactions between 
electrons, ions and neutrals can continue as long as there are collisions. If the number 
and energies of these collisions are sufficiently high, thermodynamically-favourable 
processes will proceed to equilibrium. Chapter 5 discusses work on the analysis of 
ambient data which has shown that within the ATOFMS instrument the laser ablates 
a constant amount of material regardless of particle size, i.e. that for particles in the 
size range analysed by the ATOFMS, not all the particle is ablated. As a 
consequence, observed ion spectra more strongly reflect the outer composition than 
the core of the particle being analysed. Similar results were reported by Carson et at 
(1997) and Ge etal. (1998). 
In the ATOFMS each particle will be irradiated for a period of 5 ns, by a 266 nm 
laser (4.66 eV), in which time disintegration into a large number of neutral and 
charged fragments will occur. The laser pulse typically lasts 5 ns but the time 
required for expansion to collision-free densities is much longer. For a one micron 
particle to expand to a 10 jim diameter will take approximately 13 ns by this time the 
acceleration plates will have caused many of the electrons, and other charged 
particles to be accelerated down their respective flight tube. The primary ions will be 
generated during the laser pulse. For micron sized particles, the ablation event 
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creates a gaseous plume dense enough that electrons are efficiently captured by 
molecules and atoms to form negative ions (Lake eta!, 2004). 
Laser ablation is defined as a sputtering process leading to the ejection of atoms, 
ions, molecules, and even clusters from a surface as a result from the conversion of 
an initial electronic or vibrational photo excitation into kinetic energy of nuclear 
motion - 
Figure 3.4 shows an illustration of the different processes occurring during laser 
ablation. The initial laser-material interaction may create excited electrons in the 
solid, leading to the ejection of electrons by photoelectric or thermionic emission, 
and eventually forming a plasma above the sample surface in a pico-second time 
scale. In the solid the excited electrons undergo electron-phonon relaxation and the 
energy is transferred to the lattice. Through lattice vibrations, the transferred energy 
is dissipated from the irradiated zone to the bulk in the form of heat. Heat conduction 
occurs on a time scale of several tens of picoseconds, which is slightly longer than 
the electron-phonon relaxation time. Heating of the material leads to melting and 
vaporisation. The particles leaving the liquid during evaporation establish an 
equilibrium distribution of velocity in a small region above the surface called the 
Knudsen layer. Above the Knudsen layer the vapour plume will expand rapidly, 
compressing the ambient gas and forming a shock wave front. In addition, the 
expanding plume can interact with the laser pulse effectively shielding the sample 
surface from the laser energy. The high temperature plume can also heat the sample 
surface via radiative heating. The vaporisation of the sample and the subsequent gas 
dynamic processes in the expanding plume take place on a time scale of 
nanoseconds. Other material removal processes such as exfoliation or liquid ejection 
may occur on a substantially longer time scale (Mendes, 2002). 







Figure 3.4. Scheme of relevant processes during pulse laser ablation, namely 
laser-induced vaporisation, surface melting and shock wave formation (Mendes, 
2002). 
3.3.2. Alkali Halide aerosols 
Sampled data included mixtures of alkali halides of MCIIMX, where M = Na, IC, 
Li and Cs and X = r, Bf, Cl-, SO4 and NO3 . Only the anion (X) varied in each 
sampled mixture. Several consecutive mixtures were run where each of the alkali 
metal cations was changed. The results showed the same trends for all mixtures of 
MCl/MX so only results from NaCl/NaX and KCl/KX will be referred to. 
As with all alkali salt mixtures the time required to collect equal numbers of mass 
spectra increased with decreasing laser energy suggesting that at lower laser energies 
there was not sufficient energy available to ablate the particle. The intensities of the 
negatiye ion mass spectra were considerably weaker (x3) than the positive ion mass 
spectra at all laser energies. This is because it is necessary for the electrons created in 
the ablation process to react to form negative ions (Kane et al, 2002) and also 
because the excess electron in negative ions is weakly bound and is easily photo- or 
collisionally detached. The total number of ions (positive and negative) produced per 
particle (quantified as the average total ion area per spectrum) increased with LDI 
fluence, for all compositions and concentrations of salt mixture analysed. This 
confirms that particles in the gm size range are not fully ablated at the LDI fluences 
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used in the ATOFMS, consistent with the semi-quantitative interpretation of 
ATOFMS mass spectra of ambient particles presented in Chapter 5. 
Ions identified in the positive and negative mass spectra from mixed alkali halide 
particles (NaCl/NaX) included the monatomic ions Na, Cl, r, Br as well as cluster 
ions (NaCl, NaBr 4 , (NaCl)Cl, (NaBr)Br', (N aI)I&' & (NaCl)I1 ') 
and electrons. Example spectra from LDI at a laser fluence of 0.2 J cm -2 of a single 
particle produced from a 0.01 M mixture of NaIfNaCl are shown in Figure 3.5. It is 
the analysis of the relative abundance of different ions as a function of particle 
composition and laser energy that provides information on the formation processes 
that are likely to be dominant. 
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Figure 3.5. Positive and negative ion mass spectra from an individual particle 
(0.54 pm) derived from a mixture of 0.01 M NaUNaCI (LDI fluence = 0.2 J CM-2) 
The relative peak area of OH in the negative ion mass spectra declined as the 
concentration of the salt solution from which the particles were derived increased 
from 0.01 M to 0.1 M. At the same time, the number and intensity of peaks due to n 
= 3 and 4 cluster species in the spectra increased with salt concentration. Both these 
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observations are consistent with a greater proportion of water being incorporated into 
the solid matrix at lower salt concentrations and a consequent dilution of collisions 
between salt ions in the desorbing plume by water. 
3.3.2.1. Formation of X ions 
Despite considerable particle-to-particle variability in mass spectra, statistics from 
the ensembles of spectra corresponding to different combinations of the halide salts 
showed that the relative formation abundance of the halide ions decreased in the 
order r>> Br> Cl-. Figure 3.6 illustrates the relative ion intensity comparison for f 
and Cl-. Two additional important observations were: (i) the ratios ncr and Br/Cr 
both decreased with increasing LDI fluence. (For example, Figure 3.6 shows that the 
F ion intensity levels off at highest LDI fluences whilst the Cl - ion intensity increases 
with LDI fluence) (ii) the ratios in average peak areas of halide ions, ncr (Figure 
3.6) increased with increasing salt concentration used to form the particles. Figure 
3.7 illustrates how Br is the strongest ion detected in the 0.01M NaBrINaC1 mixture 
at laser energies from 0.1 to 0.4 J / cm 2 but at the highest energy the mass spectra are 
dominated by (NaCI)Cf clusters. 
Whilst these observations undoubtedly reflect the relative energetics of halide ion 
formation (Table 3.1), the observations are also consistent with the picture that the 
particles are not homogeneous in chemical composition but have a core composed 
relatively more of the lower solubility NaCl salt with relatively more of the higher 
solubility Na! or NaBr salts in the outer layers (Table 3.1). Higher LDI fluences are 
capable of ablating more of the internal chloride-containing particle material, and 
since the higher concentration salt solution particles are slightly larger proportionally 
less of the core is sampled for a given laser fluence. 
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Naa NaBr Na! KC1 
Electron affinity /eV 0.73 0.79 0.87 0.58 
Dipole moment, .t ID 9.21 9.6 10 
Solubility /g (lOOg 1120)' 36 98 170 53 
Lattice Energy /eV 7.97 7.58 7.07 7.26 
Table 3.1. Physical properties of some alkali halides 
TEnergy required to break the solid form of a molecule into oppositely charged ions in the gas phase. 
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Figure 3.6. The relative intensity as a function of LDI fluence of the most intense 
ions formed from particles derived from an equimolar solution of (a) 0.01 (b) 
0.05 and (c) 0.1 M NaClINal. The dotted circle highlights the fluence at which 
the (NaCl)Ci average ion signal intensity equals that of the (NaI)I ion. Error 
bars are 95% confidence intervals. 
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Figure 3.7. The relative intensity as a function of LDI fluence of the most intense 
ions formed from particles derived from an equimolar solution of 0.01 M 
NaCIINaBr. Error bars are 95% confidence intervals. 
Furthermore, since the laser photon energy exceeds the electron affinities of each of 
F, Br and Cl (Table 3.2), photo-detachment of an electron is likely to be a major 
loss route for any halide ions formed during the laser pulse. Therefore the majority of 
these ions must be formed through in-plume processes after the cessation of the laser 
irradiation rather than by direct ejection from the lattice. The energetics for the ion-
pair and dissociative attachment routes of halide ion formation, Equations 3.1 and 
3.2, respectively are given in Table 3.2. 
e + NaX - Na + X + & 	 (3.1) 
&±NaX-*X+Na 	 (3.2) 
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icr Brf 
Electron affinity (EA) 
	
/eV 13.04 3.59 	3.34 
Ion pair formation 
	
/eV 1 5.78 5.54 	5.12 
Dissociative attachment 	/eV 1 0.64 0.40 -0.020 
Table 3.2. Energies required for ion-pair formation and dissociative attachment 
In both cases, the energetics favour halide formation in the same order as observed ( 
> Br> C1), but the much higher energies required for ion-pair formation compared 
with dissociative attachment make this process unfavourable given the likely 
distribution of photo-detached electron energies (a further justification for post-
irradiation processes is noted from the multiphoton requirement for photo-initiation 
of ion-pair reactions). On the other hand, the energetics of dissociative attachment 
closely parallels the observed trend. 
3.3.2.2. Formation of NaX ions 
Nar, NaBf and NaCl - were also identified in the mass spectra (Figure 3.6 and 3.7). 
At lower LDI fluence, ion intensities followed the order Nar > NaCl ­ and NaBf 
NaCl-, but at the highest LDI fluence NaCl ­ intensity exceeded Nar intensity. A. 
similar trend was observed in the NaBr/NaC1 mixture only that NaC1 was always 
more intense at all laser energies (Figure 3.7). As with X ion formation, the relative 
intensities are a consequence of both the energetics of ion formation reactions and 
the morphology of the particle. A likely route to the formation of these anions is 
electron capture by neutral fragments volatilised from the lattice followed by 
collisional stabilisation (Equation 3.3). The very large dipole moment of the alkali 
halide molecules will lead to large electron capture cross-sections: 
NaX (lattice) + Hcg 	 P. NaX (g) + 
NaX (g) + e (low energy) 	 NaK *(g) 
NaX *(g) + M 	 0 NaX (g) + ... 	(33) 
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Collisional stabilisation will be most effective in the early stage of the desorption 
plume development where number density is high. The electron capture process 
depends on both the dipole moment and electron affinity of the neutral which both 
favour NaK formation in the order Nar> NaBr> NaCl -.  
Neutral fragments may be released directly from the lattice. These neutral fragments 
capture low energy electrons. If NaX is produced by low energy electron capture of 
gas phase NaX it will be metastable until collisionally stabilised. Since the particle 
density close to the surface will be high, stabilisation could be efficient. If collision 
with the surrounding material is energetic then NaXT may dissociate to K. This 
process is less endothermic for Nar>> r (82 U mor') than for NaBr>> Br (114 U 
mor) and for NaCr>> Cl - (127 U moi') Na! and NaBr could be more readily 
dissociated by collision than NaCl - so depleting NaJT/NaBr relative to NaCl and 
enhancing f/Br relative to U. 
Electron capture depends on the dipole moment and electron affinity of the neutral 
which do not vary enormously from NaC1 -* Na! (Table 3.1). At lower laser energies 
Naf >NaCr as there is less NaC1 being ablated (due to being situated in the core of 
the particle). At higher laser energies the peak area of NaCl are greater than Naf 
/NaBf. The electron affinity of NaBr is comparable to NaCl but it is expected that 
there is less NaBf and Nar present at higher laser energies as these ions more readily 
dissociate through ion-pair formation, dissociative attachment or collision. 
Variability between spectra precludes the assignment of an absolute value to the 
intensities. For example, the ratio NarfNaCr for a sequence of 17 spectra chosen at 
random has the range from 0.02 to 9.6 with a mean and standard deviation of 1.64 ± 
2.76. If the two higher values for the ratio, 9.6 and 3. 1, are excluded and the lowest 
value of 0.022 is excluded (justified by Q-test) then the range is from 0.24 to 1.00 
yielding a mean and standard deviation for the ratio of 0.76 ± 0.29. Wenzel and 
Prather (2004) have recently employed fibre optics to improve the output of the 
Nd:YAG laser reducing pulse to pulse variability, although differences in particle 
morphology will still affect the ions formed. 
Applications and evaluation of a single particle time-of-flight mass spectrometer 	61 
Chapter 3 
From Figure 3.6 it can be observed that the average areas for (NaC1)Cr and (NaI)r 
are higher than for NaCl and Naf (Table 3.1). This coupled with the ablation of only 
outer layers of the particle which are relatively depleted in lower-solubility NaCl 
lead to the relative intensities observed for NaX ions. At high LDI fluences, 
however, relatively more of the NaC1-rich particle core is ablated, plus the more 
highly extended plume means the influence of competing collisional reactions 
becomes relatively more important. Thus, as LDI fluence increases, the ablation 
plume will be relatively depleted in Nal, or NaBr, relative to NaCl because the 
former more readily undergo ion-pair formation and dissociative attachment to form 
F, or BrT, than does NaCl, as discussed above. In addition, once formed, NaX ions 
may undergo photo- or collisional induced dissociation to form K (Equation 3.4). 
Na)C+M-+Na ±K+M (3.4) 
The lower endothermicity for dissociation of Naf (82 kJ mof') compared with NaCF 
(127 Id mor') could contribute to the more rapid depletion of the former. All of these 
loss processes are relatively enhanced at the higher plume densities arising from 
higher LDI fluences leading to the observed relative enhancement of NaCl - under 
these conditions. A possible alternative process for formation of NaX is dissociative 
attachment to (NaX)n clusters, Equation 3.5, 
(NaX) + e -+ Na + Cl- + (NX) j 	 (3.5) 
but it has not been possible to find reliable thermodynamic data for such processes 
and their involvement therefore remains speculative. 
3.3.2.3. Formation of (NaX)X ions 
Figure 3.6 shows that average ion intensities for the n = 1 mono-cluster ions 
(NaCl)Cl and (NaI)f exceed those of NaCl - and Naf, respectively. This broadly 
suggests that electron capture and collisional stabilisation of NaX does not compete 
particularly effectively with collisional dissociation of NaX or collisional association 
to form (NaX))C. More detailed inspection of the relative ion intensities reveals a 
relative abundance in favour of the halide ion, X, for the iodine and bromine 
systems, but in favour of the cluster ion, (NaX)X, for the chlorine system. Although 
direct ejection of (NaX)K from the lattice is possible, as proposed by Kruger and 
Karas (2003), termolecular association in the gas plume, Equation 3.6, will have very 
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large cross-sections, due to ion-dipole attraction (leading to orbiting collisions), and 
is more likely. 
)C + NaX + M - (NaX)X + M 	 (3.6) 
The rapid fall-off in efficiency of association reactions with decreasing number 
density in the expanding plume explains why clusters only up to n = 3 were 
observed. 
For particles derived from a 0.01 M mixture of Na! and NaCl, ablation at laser 
fluences 2: 0.3 J cm 2 yielded relatively more (NaC1)C1 than (Nal)F (Figure 3.6). 
The trend was the same for 0.01 M NaBrfNaCl mixed particles. For particles derived 
from more concentrated salt solutions, the LDI fluence at which relative intensity of 
(NaC1)C1 exceeded (NaI)F increased to 0.5 J cm 2. This is again consistent with the 
proposal that the less soluble chloride salt forms the core of the particle so that 
chlorine-containing material is relatively less abundant in the ablation plume at lower 
LDI fluences. At the lowest LDI fluence used (0.2 J cm 2), the iodine- or bromine-
containing ions dominate the chlorine-containing ions. A similar trend was apparent 
for (NaX)Na species in the positive ion mass spectra. 
Ion signals for mixed cluster species, such as (Nal)C1, are also evident in the ion 
mass spectra. Ion-molecule collisions occurring in the dense plume are the most 
likely routes to the formation of these mixed clusters as it is unlikely that mixed 
fragments would be ejected directly from the crystal lattice in significant quantities. 
The presence of these ions further supports the proposal that the ions detected in the 
negative ion mass spectra are mainly a result of reactions occurring in the plume. 
3.3.3. Alkali nitrate aerosol 
NaNO3 is a common particle type present in continental air masses where gaseous 
HNO3 has reacted with NaCl, causing the displacement of Cl in the form of HCl, and 
nitrate ions are retained in the particle as NaNO 3 (Harrison, 2001; Harrison & Pio, 
1983). NaNO3 like the alkali halides is a wide band gap material with a band gap of 
10 eV. Strong absorptions centred at 6 eV due to a t transition in the NO 
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anion have been observed (Cramer et a!, 2002). Mass spectra were obtained from 
particles derived from mixtures of sodium (and potassium) halides and nitrate. These 
mixtures are typical of partially processed sea-salt particles and, as already reported 
the formation of unusual metastable, amorphous solid phases of NaNO 3 and mixtures 
of NaCl and NaNO3 play a significant role in both the chemistry and radiative 
properties of salt particles in the marine boundary layer (Hoffman et a!, 2004). 
Sodium nitrate also does not absorb a LDI photon energy of 4.66 eV, so coupling of 
laser energy into the lattice must again occur via lattice defects. Solubility, lattice 
energy and electron affinity for some of the alkali salts and nitrates used in this 







KCI 53 7.2 0.58 
KNO3 281 7.1 
NaCl 35 7.9 0.73 
NaNO3 92 7.8 
NO3 3.94 
NO2 2.27 
Table 3.3. Physical properties of some of the more intense ions present in the 
negative ion mass spectra. 
A plot of the variation in intensity of the most abundant negative ions observed in the 
LDI of mixed NaCJJNaNO3 particles is shown in Figure 3.8 as a function of LDI 
fluence. For particles derived from the lowest concentration mixture (0.01M), NO 3 
and NO ions were the predominant negative ions, particularly for LDI fluences :!~ 
0.3 J cm 2. The next most abundant ion was (NaCI)C1 which, like NO, increased 
markedly with LDI fluence, whereas NO2 declined in abundance at higher LDI 
fluence. An example of single-particle positive and negative ion mass spectra is 
shown in Figure 3.9, and illustrates that Cl - and mixed NO3 .NO2 clusters were 
formed. 
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Figure 3.8. Average response of different ion signals against laser energy for 
NaNO3INaCI Mixture at 0.01 M. 
Error bars are calculated 95% confidence intervals. 
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Figure 3.9. Example positive and negative ion mass spectra from an individual 
partide (0.53Llm) derived from a mixture of 0.01 M NaNO3INaCI (LDI fluence = 
0.2 J cm 2). 
Applications and evaluation of a single particle time-of-flight mass spectrometer 	65 
Chapter 3 
The analogous plot to Figure 3.8, for the variation in most abundant negative ion 
intensity produced by LDI of mixed KCIIKNO 3 particles, is shown in Figure 3.10. 
As in Figure 3.8, NO3 is the predominant negative ion formed and the relative 
abundance of the (KC1)C1 ion increases rapidly with LDI fluence. As discussed in 
Section 3.3.2.3, the (NaC1)Cr and (KCl)C cluster ions are most likely to be formed 
through termolecular association reactions in the ablation plume. 
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Figure 3.10. The relative intensity as a function of LDI fluence of the most 
intense ions formed from particles derived from an equimolar solution of (a) 
0.01 (b) 0.05 and (c) 0.1 M KNO3/KCL Error bars are 95% confidence intervals. 
I 
The relative increase in chloride-containing ions at highest LDI fluences is, as 
before, rationalised in terms of the likely particle structure. Sodium and potassium 
nitrates are much more soluble than their corresponding chlorides (Table 3.3) so the 
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former will dominate the outer layers of each particle. As LDI fluence increases, 
proportionally more chloride material is ablated. 
The NO3 radical has a high electron affinity (3.94 eV, Table 3.3). However, electron 
capture by NO3 would result in an energy-rich ion that would almost immediately 
auto-detach or undergo dissociation to NO + 0. Since direct ejection of NO3 from 
the lattice is unlikely, the most likely source of the high abundance of NO3 ion is 
dissociative attachment of gas phase NaNO3 or (NaNO3). The NO 2 ion can then be 
formed by dissociative attachment of NO3 or possibly photodissociation of NO, as 
shown in the reactions in Table 3.4. These processes have relatively low enthalpy 
which accounts for the relatively high abundance of NO2 also. However, subsequent 
photodissociation of NOj to N0 is very much less favourable since it is a two-
photon process (Table 3.4). Furthermore, although NO2 can undergo dissociative 
attachment to form N0, this ion has a very low electron affinity and is therefore 
likely to autodetach, explaining the absence of N0 in the spectra Again, as with the 
halide salts, ions of mixed cluster species, such as (NaNO 3)Ci, are observed (Figure 




a) 6- +NaCI4Na±C1 0.64 
b) 	+Kc14cr+K 0.79 
C) 6- +N03 4NO2- +0 -0.085 
d) e+N02 4NO+O 3.15 
Ion-pairformation 
a) NO3 -* NO2- + O 13.53 
b)NO2 -)NO+O4 16.76 
c) NaCl 4 Na4 ± Cl- 5.78 
Dissociation reactions 
hv + NO3 - NO2 ±0 3.82 
hv+NO2-) NO - ±O 5.39 
Table 3.4. Dissociative attachment and dissociation reactions for NO3,NO2 & 
NO species 
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3.3.4. Alkali sulphate aerosol 
Although sulphate is an important component of atmospheric aerosols the sensitivity 
of laser ablation mass spectrometry to sulphate is very low in the positive ion mode 
making negative ion detection methods very useful for the detection of sulphate 
(Kane et a!, 2002). It is well known from laboratory studies that sulphate is detected 
almost exclusively in negative ion mass spectra (Lake et a!, 2004). Sulphur aerosols 
are important contributors to acid rain, visibility degradation, adverse health effects, 
and cloud condensation nuclei. Sulphur is emitted to the atmosphere both naturally as 
dimethylsufide (DMS) from marine organisms and anthropogenically as sulphur 
dioxide from combustion processes (Kane & Johnston, 2001; Whiteaker & Prather, 
2003). 
In contrast to the other binary mixtures studied, the chloride salt is more soluble than 
the sulphate salt, and has considerably lower lattice energy (Table 3.5), so the 
sulphate will form the least ablatable core of each particle. An example of observed 
positive and negative ion mass spectra is shown in Figure 3.11. 
Lattice Energj/eV 	Solubilhty/g(lOOg H20)' 
NaCI 	 7.9 	 35 
Na2SO4 18.8 4.76 
Table 3.5. Lattice energy and solubility of NaCl and Na2SO 4 
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Figure 3.11. Positive and negative ion mass spectra from an individual particle 
(0.57pmi) derived from a mixture of 0.01 M NaCIINa 2SO4 
(LDI fluence = 0.2 J cm-2). 
Despite the mixed salt composition of the particle, and the expectation that chloride 
will predominate in the outer regions of the particle, the negative ion mass spectra 
predominantly contained only oxysuiphur anions and or only chloride anion but 
rarely contained mixed ions. Lake et al. (2004), using LDI at 193 rim, also observed 
that very few particles yielded multiple-species negative ions, even if the particle 
produced positive ions indicating the presence of other components such as nitrate 
and carbon. Together, the two studies suggest that there is negative ion suppression 
in the ablation plume in the presence of sulphate species. The total ion signal from 
LDI of Na2SO4/NaC1 particles was considerably lower than from NaXINaC1 particles 
so a possible explanation of the lack of chloride-containing ions in the former is 
efficient electron transfer from initially dominant Cl - from the particle outer layer to 
a smaller flux of SO4 (high electron affinity of 5.10 eV Table 3.6) from deeper in the 
particle. 
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Although sulphate could possibly be ejected directly from the particle as the doubly-
charged anion, it would immediately lose an electron to form SO4 , via auto-
detachment. Any SO4 neutral formed will rapidly undergo electron attachment due to 
its very high electron affinity. Similarly, SO4 will not undergo photodetachment 
because the EA exceeds the photon energy of the LDI laser. In contrast, the low 
electron affinities of SO, SO2 and S03 (Table 3.6) suggest that these ions are more 
likely formed through dissociation of SO4 (Fable 3.7) than by electron capture by 
the corresponding neutral. 
Group 	Bond energies DipoIepID EA 1eV 
1eV 
SO 5.38 	 1.12 
S02 1.6 	1.11 
SO3 1.90 
SO4 5.10 
Table 3.6. Physical properties of the groups studied in the Na2SO4INaC1 mixture 
Table 3.7 shows that the dissociation energies of SO4 to 503 and of 503 to SO are 
both one-photon (LDI energy is 4.66 eV), while further dissociation of SO2 to SO is 
multiphoton. This explains the lack of S0 ion in the observed the mass spectra 
(Figure 3.11). Similarly, the formation of SO4, S03 & SO2 ions by dissociative 
attachment reactions is very much less favourable for formation of S0 7 than for 
higher SO species (Table 3.7). 
eV 
Dissociative attachment 
& + SO4 3 SO +0 0.88 
e ± S03 3 502 + 0 2.50 
C) e + S02 3 50 +0 4.59 
Dissociation reactions 
a)SO43SO+O 4.19 
b)S03-* SO.z+O 4.37 
C)SO2-* so- + 0 5.66 
Table 3.7. Dissociation reactions of SO 
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3.4. Conclusions 
Detection of negative ions in single particle LDI techniques provides information 
complementary to the positive ion mass spectra for the analysis of many chemical 
species in the atmosphere, particularly sulphates. The solubility of different species 
during particle growth affects the particle composition as a function of depth. As a 
consequence, the distribution of ions is strongly affected by the LDI pulse fluence. 
The consequence is that altering the LDI fluence reveals information on the chemical 
heterogeneity of the particles in the ensemble. 
Formation of negative ions appears to be mainly dependent on collisional processes 
and the thermodynamics of reactions in the post-irradiation ablation plume, rather 
than the result of direct ejection from the lattice. There was a general tendency for 
negative ion abundance to be biased towards those species with greatest electron 
affinity, with collisions in the ablation plume providing the stabilisation, as also 
reported by Kane et al. (2002). 
Although relative sensitivities for various negative ions can be determined by 
statistical averaging of particle ensembles, this work demonstrates again that particle-
to-particle variability limits the determination of fully-quantitative ion sensitivities. 
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Atlantic Marine Boundary Layer Experiment 
4.1. Introduction 
The marine boundary layer (MBL) is an important part of the atmosphere as about 
70% of the earth's surface is covered by water. At the MBL particulate matter 
originates from land-based sources as well as from sources over the open ocean. 
Patriculate matter from the ocean consist of two major types; sea-salt particles that 
are created mechanically at the surface of the ocean due to wave action and bubble 
bursting and non sea-salt (nss) particles which are predominantly sulphate-based 
particles created from gas to particle conversion. The sea-salt particles tend to have 
larger particle diameters than the nss variety and therefore tend to dominate the mass 
of particulate matter detected in maritime air. The nss particles tend to be in the fine 
size range and often undergo gas to particle condensation (Raes et al, 2000). 
Marine aerosols affect the climate directly through scattering of radiation and 
indirectly as they can act as CCN. The global mass emission of sea-salt particles is 
more than 20 times the combined emissions of organics, black carbon, sulphate, 
nitrate and ammonia in the atmosphere (Raes eta!, 2000). 
Mace Head, (Galway, Ireland) is a marine boundary site that experiences air masses 
mainly arriving from a clean sector between 180 0- 3000. Continuous background 
measurements are sampled at this site giving long-term physical and chemical 
information on air masses. However, air masses arriving both inside and outside the 
clean sector can be influenced by continental sources, i.e. North America and Europe 
as well as local land sources. 
A multidisiplinary study, the North Atlantic Marine Boundary Layer Experiment 
(NAMBLEX), took place at Mace Head, during the 1g21  of August 2002. Mace 
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Head is situated on the shore of a headland in a remote part of the west Irish coastline 
at 53.33°N, 9.90°W as illustrated in Figure 4.1. The aims of this study were to 
investigate the oxidation processes, atmospheric chemistry and composition of a 
number of species primarily in the MBL. 
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Figure 4.1. Location of the sampling site during NAMBLEX 
4.1.1. Overview of studies carried out on the marine boundary layer 
There have been many field experiments focused on the characterisation of 
tropospheric aerosols to improve estimates of aerosol direct radiative forcing on the 
climate, to gain better knowledge of the chemical and physical properties of aerosol 
particles and to understand long and short range transport of aerosols over land and 
ocean (Quinn & Bates, 2005). Many of these experiments have been carried out near 
or at a MBL site. By understanding the chemical composition of background marine 
air the impacts from anthropogenic sources as well as natural sources can be assessed 
and quantified. Examining clean maritime air masses allows basic chemical and 
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Measurements of sub micrometer atmospheric aerosol particles, together with black 
carbon and radon, were reported by O'Dowd et aL (1993) during a cruise in the 
North Atlantic (63°N, 8°W) from October to November 1989. Measured soot carbon 
mass showed excellent correlation with accumulation mode number concentration 
demonstrating its usefulness as an air mass tracer and as an indicator of 
anthropogenic pollutant transport. By comparison, radon, which is often used for this 
purpose, exhibited a significantly poorer correlation for this region. Approximately 
9% of the total accumulation mode mass was accounted for by soot, regardless of air 
mass origin, suggesting that early winter marine aerosol in the remote North Atlantic 
is primarily of anthropogernc origin (Odowd eta!, 1993). 
Aerosol properties were measured during two ship transects across the North Atlantic 
between Halifax and the Moroccan coast in a latitude band between 32°N and 44°N, 
by Van Dingenen et al. (1995). Measurements of the chemical composition of the 
total aerosol, the black carbon concentration and the number size distributions with 
particle diameters in the range 16 nm < D p <1 .tm were made. The non sea-salt (nss) 
fraction of the sulphate concentrations encountered during this campaign spans 3 
orders of magnitude (0.02 pm / m3 to 19 jig / m) and shows a high correlation with 
black carbon (Van Dingenen eta!, 1995). 
A European Commission sponsored project entitled "Background Maritime 
contribution to Atmospheric Pollution in Europe" of BMCAPE, coordinated by 
University College Galway was carried out from January 1993 - December 1994 
with the objective of determining the chemical and microphysical properties of 
predominantly maritime air masses at a range of coastal field stations (Jennings eta!, 
1997). 
Other boundary layer studies include the first and second Aerosol Characterization 
Experiments (ACE 1 and ACE 2), a cruise across the Atlantic (Aerosols99), the 
Indian Ocean Experiment (INDOEX), the Asian Aerosol Characterization 
Experiment (ACE Asia), the Tropospheric Aerosol Radiative Forcing Observational 
Experiment (TARFOX), and the New England Air Quality Study (NEAQS). These 
experiments were focused either on the remote marine atmosphere (ACE 1) or areas 
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downwind of continental aerosol source regions including western Europe, North 
America, Africa, India, and Asia (Quinn & Bates, 2005). Quinn and Bates (2005) 
compared the results of all these studies and reported that nss S04 2 makes up only 16 
to 46% of the submicron aerosol mass, indicating that there is a large fraction of the 
aerosol that is not sulfate and that particulate organic matter makes up 1 to 51% of 
the submicron mass. 
4.1.2. Importance of Mace Head as a research station 
Mace Head has a present status as one of the most important sites for atmospheric 
research in the northern hemisphere. Strategically located with open exposure to the 
North Atlantic Ocean, Mace Head occupies an ideal position for studying changes in 
the global atmosphere. Its location facilitates the investigation of both natural and 
man made trace constituents in marine and continental air masses. Long-term 
measurements of such substances can reveal trends in background concentrations, 
which may influence weather and climate. 
Research activities at Mace Head have been mainly concerned with measurements of 
northern hemisphere background levels of trace substances in air from the Atlantic 
Ocean. Sources and sinks of these substances and the complex biogeochemical 
processes which they undergo in the atmosphere have been investigated. 
The Atmosphere/Ocean Chemistry Experiment (AEROCE) was carried out to 
investigate aerosol sources at a number of research sites which included Mace Head, 
Barbados, Bermuda and Izana. It was reported that Mace Head had dust 
concentrations an order of magnitude lower than the other sites but had the highest 
sea-salt concentrations (Arimoto et a!, 1995). This was due to the storminess of the 
region and its location far north of the main transport pathways for Saharan dust 
Huang et al. (2001) studied aerosols at Mace Head and, through the use of positive 
matrix factorization, classified the Mace Head aerosols into a number of chemical 
classes such as mineral dust, sea-salt, general pollution, a secondary SO4-Se signal, 
ferrous industries and a second (possibly biogenic) marine source. It was reported 
that the marine signal is particularly strong in winter. The main pollution transport 
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from Europe to Mace head is during May, but the influence of continental Europe is 
observed throughout the year. Mineral aerosol follows a transport pathway similar to 
that of pollution aerosol, i.e., recirculation via the westerlies brings pollutants mixed 
with dust to the site from nearby land, i.e., Ireland, the United Kingdom and the 
Belgium, Netherlands and Luxemburg (Benelux) region, with some inputs from 
Scandinavia, Western Europe, Eastern Europe, and even the Mediterranean region. 
Compared with Bermuda, the aerosol at Mace Head has stronger marine sources 
(especially marine-derived secondary S0 42 and Se) but weaker dust and pollution 
sources. 
Derwent et al. (2002) presented a 5-yr record of continuous high-frequency carbon 
dioxide (CO2) observations during the 1995-1999 period for the Mace Head 
Atmospheric Research Station. During the winter months, it was observed that an 
additional CO2 source, over and above fossil fuel combustion, was required to 
support the observed concentrations of CO2 in European regionally polluted air 
masses. During the summer months, an additional CO2 sink is required. 
More recently, Simmonds et aL (2005) compared annual growth rates of CO2 
compared with those measured from an observatory site in Hawaii. It was reported 
that the temporal variations in the annual increases in N 20, at Mace Head, are not in 
phase with those of the other gases. As N20 is recognised as a combustion product of 
biomass burning, it was suggested that the recent increase in the rate of accumulation 
of CO2 is a hemispheric wide phenomenon related to large-scale biomass burning 
rather than a change in ocean exchange. This increase in biomass burning has also 
been reported to be responsible for the increase in 03 concentrations measured at 
Mace Head (Simmonds eta!, 2004). 
Cavalli et al. (2004) presented results from a comprehensive size segregated analyses 
of clean marine aerosol samples collected at Mace Head during periods of 
phytoplankton bloom (spring and autumn), providing new evidence on the chemical 
composition of marine aerosol. It was reported that the fraction of water insoluble 
and water soluble organic carbon increased as particle diameter decreased. The 
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results from this study showed that these organic particles had a strong biogenic 
origin. 
From the same campaign O'Dowd et al. (2004) reported that the sub-micron 
biogenic carbon detected at Mace Head were formed during plankton blooms. This 
organic material arising from the sea surface micro-layer, generated during bubble 
bursting, contributes 63% to the sub-micron aerosol mass (about 45% is water-
insoluble and about 18% water-soluble). It was reported that externally mixed 
organic carbon can significantly alter the cloud droplet number in the atmosphere 
and thereby significantly affecting aerosol radiative properties. Organic matter from 
the ocean has not previously been included in climate models (Novakov and Penner 
1993; Kleefeld et al. 2002; O'Dowd et al. 2004). 
4.1.3. Aims and goals of NAMBLEX 
The majority of air masses arriving at Mace Head Atmosphere Research station 
arrive from the nominal clean sector (Jennings et a!, 1993), lying between 180° and 
300°, which is dominated by south-westerly winds from the Atlantic Ocean. Most of 
these air masses are considered clean (not strongly influenced by anthropogenic 
activity) making Mace Head well suited for marine background experiments. Mace 
Head is often influenced by continental emissions from Europe. Therefore, by 
studying aerosols at Mace Head, information on marine sources, emissions from 
Europe, and long-range transport across the ocean can be obtained. 
During August and September 2002 the North Atlantic Marine Boundary Layer 
Experiment (NAMBLEX) took place at Mace Head. As part of this campaign the 
ATOFMS was operated continuously for 21 days from 0 - 21 August 2002. The 
ATOFMS was deployed with the intention to characterise the physical and chemical 
properties of individual particles at this remote marine site. 
NAMBLEX was an interdisciplinary project where a number-of different research 
groups sampled different properties of the marine aerosol. The main objective of 
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NAMBLEX was to make detailed measurements of the chemical composition of 
aerosol particles and of gas phase species from predominantly clean air reaching the 
site from the Atlantic. These measurements are valuable for testing the predictions of 
models of atmospheric chemistry and understanding better the chemical mechanisms 
that control the concentrations of greenhouse gases, radiatively-active aerosols and 
gases responsible for the deterioration of air quality (e.g. ozone). An overview of the 
NAMBLEX campaign can be found in Heard et al. (2005). 
4.2. Experimental 
4.2.1 Instrument set-up 
The research station is located on the west coast of Ireland (53.33°N, 9.90°W), about 
90 km west of Galway city, on a peninsula, about 100 in from the shoreline. The 
sampling area is surrounded by coastline and tidal areas except for a small sector 
between 200  and 400.  The nominal clean sector, at Mace Head, is between 180 0 and 
300° (Jennings et a!, 1997). The nominal clean sector is also defined by 
measurements of black carbon (<75 ng m 3) and particle number concentration. The 
prevailing wind direction is from this sector and as the air has often travelled over the 
Atlantic Ocean for five days before its arrival at Mace Head it can be considered 
representative of background conditions for the Northern Hemisphere. 
Many of the instruments were operated inside shipping containers or permanent 
buildings. Figure 4.2 illustrates the set up of the different instruments operated 
during NAMBLEX The ATOFMS instrument was housed inside a shipping 
container alongside an Aerodynamic Particle Sizer (APS). The inlet of the ATOFMS 
instrument was linked by a steel pipe (diameter and length 0.25 inch and 2 m, 
respectively) to a manifold that was connected to a 23 in sampling tower (Figure 
4.2). The tower was 23 metres in height but had two inlets at 7m and 22 m. The 
sampling height was alternated each hour between 7 and 22 in by switching a valve 
in the pipe at 7 in height. Analysis has shown that the variation in height did not 
make any difference to particle composition (Coe et al, 2005). The sampling tower 
was equiped so that several instruments sampled from the same sampling port. 
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Figure 4.2. A schematic diagram illustrating the position of each of the 
containers containing different instrumentation operated during NAMBLEX 
(Heard eta!, 2005). 
Laboratory detail Measurement technique and main 
species measured (inlet position) 
A. Building NO3, 10,010, BrO, 12 (DOAS retro reflector positioned 4.2 
km away on Island) Leeds H202 and ROOH (10 in Tower) 
B. Building 03, CO. CH4, H2, (23 m tower), CN, Met. station (10 m 
tower) 
Leeds FAGE OH, H02, NO, 03, H20, J0'D and Met. station (roof at 5 
container m) 
York BC container VOC, and reactive halocarbons (23 in tower) 
Site Office - 
UMTST container Aerosol measurements (23 in tower, 2 inlets at 7 m, and 22 
m). ATOFMS 
UEAlLeicester H03 + MR02 (PERCA), j values, speciated peroxides, 
container PAN, HCHO, N0, Met. station (roof at 5 m) 
Cambridge 010, 12 and NO3 (CRDS)(roof at 5 m) 
container 
C. Building LeedsHCHO, >C7HC, alkyl nitrates (roof at 20 m) 
Wind Profiler Vertical wind-speed, wind-direction, velocity 
Campaign Office Modelling studies 
Table 4.1. Detailed information to accompany Figure 4.2. (Heard el a!, 2005). 
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The ATOFMS instrument was operated from the 1g - 21 "  August 2002 but during 
this period there were two short periods when the instrument was not operating. The 
first of these was a 6 h period on the 10th  August and the second a 12 h period on the 
18 th  August when over-heating problems were encountered with the roughing pumps 
(Chapter 2). 
The irradiance of the desorption/ionisation laser, of the ATOFMS, was maintained at 
a maximum value of 10 9 W cm 2. This allowed the detection of the maximum 
number of different chemical species present in the ambient air. Since Mace Head is 
a marine site it was presumed that the majority of particles sampled would consist of 
inorganic alkali salt particles. As alkali salts particles are insulators they do not 
readily absorb ultraviolet radiation and will require higher energies in order for 
particle ablation to occur (Chapter 3). 
4.2.2. Data analysis 
The ATOFMS software has been previously explained in Chapter 2 where it was 
stated that for each dataset different mass spectral thresholds were set in order to 
qualify an ion signal at a specific nilz ratio as a peak. In this particular analysis, an 
ion signal had to be 20 units above the baseline, contain 20 units of area and 
represent at least 0.001 as a fraction of the total peak area of the mass spectrum in 
order to be included. A selected set of the different ions present in each positive and 
negative ion mass spectrum was used to identify the composition of each particle. 
The ATOFMS can analyse between 50 and 100 particles / min under typical 
atmospheric conditions. This significant volume of data requires efficient methods of 
data analysis. 
Clustering analysis identifies and classifies samples on the basis of the similarity of 
the characteristics they possess. So in the case of single particle mass spectra, it 
groups the mass spectra containing similar sets of m/z values. In this thesis a K-
means algorithm was employed in the analysis of the NAMBLEX data in order to aid 
in the charactensation of the particle ensemble. The K-means algorithm is a non-
hierarchical clustering procedure and is a simple  and easy way to classify a given 
dataset through a certain number of clusters defined by the user. The algorithm 
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chooses 'n' centroids, one for each cluster. Once all the centroids have been selected 
then each point' particle mass spectrum in this case is taken and associated with its 
nearest cluster. The procedure is repeated until the distance of each data point from 
its centroid is minimised. The K-means algorithm aims at minimising the differences 
from each point of its cluster (Equation 4.1). 
k n 	 2 	 (4.1) 
c i 11  
J-1 i-I 
Where 	- C 11 is the distance measure between data points 10 and the cluster 
centre C3. The result of cluster analysis is a number of heterogeneous groups with 
homogenous contents (Adams, 1995). 
Other types of clustering procedures have been employed with single particle mass 
spectrometry. The most commonly employed clustering procedure for single particle 
mass spectrometry is the Artificial Resonance Theory (ART-2a) neural network. It is 
popular because of its flexibility. ART has the ability to add a class should the data 
points fall outside of a preset proximity to all existing classes without disturbing the 
existing categories. The ART-2a requires the user to define a vigilance factor, 
learning rate and the number of iterations to be run. The vigilance factor is the 
maximum distance that a point can be from its cluster center while still remaining a 
member of that cluster. The learning rate is the rate at which the algorithm converges 
to a solution. 
The ART-2a algorithm conducts multiple iterations of each dataset. Cluster 
assignments for each point are not retained through the course of the algorithm; the 
only information retained is the centroid themselves. At the end of the clustering 
procedure each point is assigned to its closest centroid so long as the distance to that 
centroid is less than or equal to the vigilance value. Any points at the end with no 
centroid within a distance less than or equal to the vigilance value are classified as 
outliers. 
The purpose of the application of the ART-2a network, or indeed other clustering 
methods, is to identify the various classes of particles that exist, without any a priori 
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assumptions about their possible identities. There have been several reports (Song et 
a!, 1999; Bhave eta!, 2001) of work using neural networks to classify single particle 
data. Recently a software program employing the ART-2a algorithm for real-time 
analysis of ATOFMS data has been patented (Gard et a!, 2005) and is available on 
line at www.YAADA.com. 
The ART-2a clustering mechanism is a hierarchical clustering procedure so it adds a 
new particle cluster each time one is detected. The K-means algorithm is a non-
hierarchical clustering procedure. It is based on one cluster seed at a time and 
membership in that cluster is fulfilled before another seed is selected, i.e. it runs 
through the whole dataset before updating each seed. The K-means algorithm was 
investigated for the analysis presented here in order to compare different clustering 
procedures, namely hierarchical and non-hierarchical. 
Both ART-2a and K-means require the user to supply certain information in advance. 
The information that the K-means requires however is considerably easier for the 
user to handle. ART-2a is complicated by the fact that the error metric (average of 
the squares of the distances of all points to their nearest centroids, (Equation 4.1)) 
does not converge monotonically, i.e. it is not guaranteed to decrease, at each 
iteration. In fact, it is easily seen that with a learning rate of 1 the centroids will 
continue to drift from point to point without ever stabilizing. Unlike many other 
clustering algorithms, it is not known at any given point whether the error in the next 
ART-2a iteration will get worse or better. Kmeans, on the other hand, is theoretically 
guaranteed to reduce its error metric at each iteration. Therefore, K-means will 
continue to improve at each iteration until the cluster centroids stop moving. This 
frees the practitioner from needing to worry about how many iterations to run, or 
from trying to estimate if the changes from iteration to iteration are "small enough" 
in order to stop. K-means has a clear stopping point. Finally, ART-2a does not scale 
well to datasets that are too large to fit into core memory. Each iteration of ART-2a 
requires a full scan over the dataset. K-means differs significantly here as there are a 
considerable number of algorithms that adapt it, or algorithms related to it, to 
perform well on massive data sets (Anderson et a!, 2005). K-means is a more user- 
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friendly algorithm than ART-2a for the reasons presented above. When ease of use is 
desired, K-means should clearly be preferred over ART-2a.. 
In this thesis the non-hierarchical K-means clustering has been carried out, although 
Dall'Osto etal. (2005) have used ART-2a on the same dataset and the results of both 
are compared. 
The raw ATOFMS data were exported from Microsoft Access 20000 into 
MINITAB (version 14.10). Each particle positive and negative ion mass spectrum 
was identified as a row, containing the name of that spectrum as well as the 
aerodynamic diameter of the particle. Absolute areas of the nilz values were listed in 
columns. These data were standardised prior to clustering as some elements, such as 
sodium or potassium, that have very low ionisation potentials tend to exhibit peaks 
with large absolute areas in the mass spectra. If the data are not standardised the 
clusters generated by the algorithm will be dominated by the variances in absolute 
areas rather than the variances in rn/z patterns. 
It is possible to separate the raw dataset into different size or time distributions 
before performing clustering analysis. However, in this chapter all the particles were 
grouped together. As mentioned above it was necessary to determine the numbers of 
clusters to be used to define the data set. In the case of all the data considered in this 
chapter, 20 clusters were always chosen as the pre-defined number. Increasing the 
number of clusters results in a smaller error function values but it also increases the 
risk of overfitting. Huang et al. (2001) explained the effect of choosing fixed 
numbers of clusters for positive matrix factonsation of atmospheric data collected 
using impactors.  It was noted that when using a smaller number of factors (34) the 
resulting factors contained mixtures of different chemical species. When using> 8 
factors the marine compositions were less certain. Optimum cluster numbers used 
were between 6 and 8. In this thesis it was decided to use 20 clusters. The ATOFMS 
produces more variables (i.e. positive and negative m/z values) and therefore there is 
more potential discrimination into separate clusters. Several iterations of the dataset 
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were carried out using 6, 10 and 20 clusters and it was concluded that using 20 
clusters provided the optimum amount of information for our data set. 
Since K-means judges class membership on the types of ions present particles can be 
separated into different classes if they contain different ions even though they may 
represent the same particle type. Zhao et al. (2005) reported on how the ART-2a 
broke a carbonaceous particle distribution with a wide range of ammonium nitrate 
content into two composition classes. This was mainly due to different ion 
intensities. For this reason it is necessary to examine the members of each cluster by 
manual inspection in order to present a true picture of the detected particle 
composition. 
By using 20 clusters for the analysis, many of the clusters contributed less than 1% to 
the total number of particles. Examination for similar size distributions, temporal 
evolutions and m/z values in individual particles meant that it was often possible to 
combine a number of small clusters into one particle grouping. 
A disadvantage to the K-means clustering algorithm compared with other clustering 
methods is that the K-means algorithm uses a 'hard' clustering method, assigning the 
particles to classes by a yes/no decision. This means that each particle is allocated to 
a cluster but no information is available on how much each particle belongs to a 
cluster. For this reason there were no unclassified particles when using the K-means 
algorithm. When using the ART-2a method, a 'soft' attribution of individual particles 
to classes is preformed, a membership/vigilance factor is predefined to determine 
how much each particle must belong to a cluster before it is counted. As a result 
close manual inspection of each cluster is required when using the K-means 
algorithm. 
In this work characteristic peaks detected in the positive and negative ion mass 
spectra of individual particles were used to further refine the general classes to assess 
the degrees of association of different secondary species, including sulphates and 
nitrates. Investigating different combinations of peaks in particles allows a particle to 
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be assigned to a known source, assess the complexity of particle composition, or 
infer possible chemical transformations that may have occurred in or on the particles. 
4.3. Results and discussion 
4.3.1. Meteorology 
As mentioned already, Mace Head is remotely situated on the Atlantic coast of 
Ireland. The site is often characterised by conditions of exceptionally clean air which 
has source regions extending as far south as the Azores and as far north as 
Greenland. Occasionally, identification of air originating in continental Europe and 
west/northwest America, has allowed investigation into long-range transport of 
anthropogenic precursors to pollutant species observed at the site (Derwent et al, 
1998). When the air arrives form the clean sector (1800 - 300°) it has often travelled 
over the Atlantic Ocean for five days before its arrival at Mace Head and is therefore 
considered representative of background conditions for the northern hemisphere. 
Local wind direction and wind speed measurements were made by the National 
University of Ireland, Galway, the University of Leeds and the University of 
Leicester using standard meteorological stations. More details of these measurements 
can be found in Norton et al. (2005). During sampling 51% of the local wind arrived 
from the clean sector. The remaining 49% was divided up amongst the north-easterly 
wind (101/6), south-easterly wind (16%) and north-westerly wind (23%). 
The relative humidity was high at Mace Head during NAMBLEX (80-85%). This is 
consistent with the typical range of variability (75-85%) at Mace Head (Jennings et 
a!, 1997) and temperature measurements of 15.2 ± 1.3 °C were consistent with the 
average temperature measurements made at Mace Head in August 
(http://macehead.physics.nuigalway.ie). Five main meteorological periods were 
identified during the NAMBLEX campaign (Norton et a!, 2005). Each of these 
periods is described in Table 4.2. 
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Meteorological period 1 Description 
1 st 5th August 	Complex, Azores high extending over the Atlantic and a 
stagnant low pressure system over Ireland and the UK, with 
re-circulating fronts. Winds were very weak north-easterly. 
6th - 11th August The Azores high extended toward Ireland and therefore 
winds were generally westerly or north-westerly. The 8th 
was an exception when the centre of a depression crossed 
just south of Mace Head. 
12th 17' August 	Azores high retreated south allowing a succession of 
depressions to cross Ireland from the west. 
1 8 th 28' August 	On the 180' the air stagnated as the pressure gradually built. 
Anti-cyclonic conditions prevailed between the 19 th  and 27th 
of August. 
28th-31 " August 	Westerly winds and unsettled weather. 
Table 4.2. Summary of the five meteorological conditions identified during 
NAMBLEX (Norton eta!, 2005) 
In this chapter the results published by Norton et al. (2005) are related to the ambient 
particle measurements made by the ATOFMS. Air mass back plots were used in this 
study to identify the atmospheric transport pathways at Mace Head and to aid in the 
interpretation of temporal trends. Air masses were studied using the Numerical 
Atmospheric-dispersion Modelling Environment (NAME) model (Ryall & Maryon, 
1998). The Met. Office NAME model uses meteorological data obtained form the 
Met. Office Unified Model (UM) to calculate time-integrated back-maps for arrival, 
over any requested time interval, at the receptor. The UM is the Met. Office's state of 
the art numerical weather prediction model and is therefore assumed to yield the 
most accurate gridded weather data. The NAME model is based on Lagrangian 
trajectory dispersion and includes probabilistic descriptions of turbulent dispersion. It 
produces probabilistic maps of air mass source, rather than a single line trajectory. 
The NAME model takes into account the past history of all air arriving at the 
receptor over any user specified time-interval, not just arrival of a single time. The 
output back-maps are 'time-integrated' so that the numerical value (colour) 
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associated with each grid square expresses the relative contribution that air passing 
over that grid square makes to the total air that arrives over the receptor location 
during the receptor time interval specified. This time-integrated nature of the back-
maps explains why the colours are always strongest in the vicinity of the receptor 
because all air, regardless of its more distant history, must pass over near-field 
locations on its way to the receptor. The back plots shown here only show six hour 
periods for each day sampled and are calculated for a 10-day period. 
During the first meteorological period (1 5th  August 2002) the hourly wind direction 
was highly variable (Figure 4.3). Local wind was arriving from a north-westerly 
direction off the sea during the day and switching to a north-easterly direction during 
the early hours of the morning. The air was identified as being from the clean sector 
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Figure 43. Hourly averages of wind direction for the first five days of sampling 
during NAMBLEX. 
On examining the back plots it can be observed that although the air masses were 
arriving predominantly from over the continent there was still a possibility that a 
small fraction of the air masses were arriving from the Atlantic and Arctic regions 
(Figure 4.4). Norton ci at. (2005) explain how lower level wind speeds were variable 
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on the 1t  and 2nd August and settled into a sea breeze pattern with minimum speeds 
in early morning and maxima in late afternoon. Radar and the European Centre for 
Medium-Range Weather Forecasts (ECMWF) comparisons showed that period one 
was dominated by local flow introducing a high degree of error to trajectory 
calculations based on the ECMWF model. The NAME model used in this thesis to 
describe the air masses arriving at Mace Head use the UM data 
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Figure 4.4. NAME back plots for the 06th1  August 2002. Air masses are 
arriving predominantly from the north east. 
Aerosol measurements made by the ATOFMS instrument during this period show 
the highest number concentrations compared With the whole of NAMBLEX as well 
as the highest carbonaceous number concentrations. More detailed discussion of the 
chemical composition will presented later in Section 4.3.3. 
During the second period (6thj2th  of August 2002) the wind direction was generally 
westerly to north-westerly. The 8th  was an exception as the centre of a depression 
passed just south of Mace Head. During the time the wind direction went full circle 
from north-westerly to northerly. Another point to note is that on the eve of the 10th 
the wind speed dropped to <2 m s' and therefore local circulation effects dominated. 
Air mass back plots for this period are illustrated in Figure 4.5. 
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Figure 4.5. NAME back plots for the 6th121h  August 2002. Air masses were 
arriving generally from the west to north-west. 
Hourly averages of wind speed for the 6th - 12th August are illustrated in Figure 4.6. 
The depression is clearly illustrated on the 8th  when the wind direction changes from 
a strong westerly direction to a northerly direction. During this period increased 
numbers of calcium phosphate particles were detected. This particle type was also 
detected during the first meteorological period when air masses were arriving from 
the north indicating that the particle sampled on both days had a similar source 
(Figure 4.31). This particle type is discussed in more detail in Section 4.3.4.3. The 
wind direction also changed dramatically on the night of the 10th• Physical and 
chemical properties of the aerosol sampled during this period reflected particles that 
were arriving from the Atlantic with high numbers of coarse salt particles as well as 
occasional dust periods. Mace Head was exposed to the clean sector for 47% of the 
sampling time during the second meteorological period. 
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Figure 4.6. Hourly averages of wind direction for 6th - 111h August during 
NAMBLEX. 
Meteorological period three was characterised by another depression and occluded 
front passing over Mace Head and started on the 12 ' August and continued until 17'  
August. During this period three frontal systems passed over Mace Head, with the 
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Figure 4.7. Hourly averages of wind direction for 12th 171h August during 
NAMBLEX. 
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The particle composition observed during this period consisted of very pure and 
mixed sodium chloride as well as dust-type particles. Super-micron mode 
carbonaceous aerosols were also detected during this period and it is suspected that 
this carbonaceous type particle travelled over the Atlantic. This is discussed in more 
detail in Section 4.3.4.2. Back plots form the 12th - 17th August are shown in Figure 
4.8. Higher wind speeds were experienced during this period, reaching a maximum 
of 20 ms' on the 17th  of August and 15 in s -1 on both the 14th  and 15 th Highest 
numbers of pure sea-salt were detected during these days. Clean air was observed 
29% of the time 
The only exception to the wind direction was observed during the nightlmoming of 
the 13 'h/14th, respectively, when the lower level wind vector rotated through the west 
to a south-easterly direction. This period was accompanied by very low wind speeds 
(<2 in 1)•  During this period there was an increase in super-micron carbonaceous 
and aged/mixed sea-salt. Bursts of mixed and aged sea-salt are associated with 
periods of very slow moving air. 
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Figure 4.8. NAME back plots for the 12th 17th August 2002. Air masses were 
generally westerly throughout. 
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Period four started on the 18 'h and continued until the 28 th of August; the ATOFMS 
only sampling until the The wind-speed dropped and anti-cyclonic conditions 
set in resulting in a stagnated air mass. The wind direction generally arrived from a 
westerly direction. The wind direction measurements show a weak representation of 
the sea breeze on the 18'h to20th  (Figure 4.9), air mass back plots for the 18th 218t are 
illustrated in Figure 4.10. The particle composition during this period consisted of 
mixed and pure sea-salt as well as dust and carbonaceous species. Since the 
ATOFMS was not sampling during the fifth meteorological period it will not be 
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Figure 4.9. Hourly averages of wind direction for 18th - 21 August during 
NAMBLEX. 
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Figure 4.10. NAME back plots for the 181h 21st August 2002. Air masses were 
generally westerly throughout. 
4.3.2. Hit rate 
The number of particles that gave a mass spectrum was compared to the total number 
of particles that were sized by the two CW lasers in the particle sizing region. This is 
referred to as the hit rate and is shown as a function of time and meteorological 
period in Figure 4.11. As explained in Chapter 2.0 the ATOFMS can size particles 
using the two low powered Nd:YAG lasers but if a particle does not absorb the 
energy of the ablation laser it will not produce a mass spectrum and will be recorded 
as a missed particle. Certain chemical compounds absorb more strongly at the laser 
wavelength (266 rim) than others, for example the absorption coefficient of 
polyaromatic hydrocarbons at 266 rim is 10 3-105 mol cm 2 whereas pure alkali salts 
do not absorb at 266 rim due to their large band gap (Chapter 3). Using this 
information it is possible to broadly predict particle composition from the hit rate e.g. 
pure sea-salt particles will give a lower hit rate than carbonaceous species. From 
Figure 4.11 it is observed that the highest continuous hit rate was recorded from the 
15th August 2002 during the first meteorological period. As already mentioned this 
period was characterised by air masses arriving from over the continent containing 
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high numbers of carbonaceous particles. During the 1 5 'h and 1 7,h  of August lower hit 
rates were recorded, higher numbers of pure sea-salt was sampled on these days. 
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Figure 4.11. Hourly hit rate for the NAMBLEX sampling period. 
4.3.3. ATOFMS inlet correction 
The ATOFMS has been designed to detect particles with diameters between 0.3 and 
3 gm although the inlet focuses particles with diameters between 0.5 and 1.6 j.tm 
with the highest efficiency. In order to obtain a true number concentration output 
from the ATOFMS instrument, raw ATOFMS data were compared with more 
conventional particle sizing instrumentation in order to develop a scaling factor 
which can be applied to the raw ATOFMS data to give a true atmospheric number 
concentration (Chapter 5). The size distribution data plotted in this chapter will show 
the scaled and unscaled ATOFMS number concentration using the scaling factor 
developed in Chapter 5. 
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4.3.4. Classification of particulate matter detected during NAMBLEX 
Rapid changes in the size distribution, number density, and chemical composition of 
aerosols reaching a remote site such as Mace Head are caused by the arrival of 
different air masses. During NAMBLEX two different air masses arrived at Mace 
Head, the first was a continental air mass and arrived at Mace Head from the 15th 
of August and contained high numbers of carbonaceous species. The second type of 
air mass arrived from the 6 th to the 21' of August from the Atlantic bringing clean 
marine air. 
The mass spectra of 191,504 individual particles were obtained over the entire 
NAMBLEX sampling period. Using the K-means algorithm, particles in the size 
range from 0.1 to 5 tim were divided into 20 different chemical classes. After manual 
inspection of each of the clusters the number of clusters were reduced to 4 large 
classes; Sea-salt, Dust, Carbonaceous and Other. Classes were only combined if their 
size distribution, temporal trends and mass spectral patterns were similar. Two other 
classes were identified by manual inspection of the data-set that were not previously 
identified as separate clusters by the K-Means algorithm. All particle types detected 
by the ATOFMS instrument are shown in Table 4.3. Each of the large particle 
classes were a combination of three or more clusters. Each of the particle types will 
be discussed in the following sections with regard to ion signals and temporal trends. 
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Particle type Typical ion signals and example m/z values % 
K-means algorithm 
Sea-Salt 77.4 
- Pure sea-salt Na (m/z 23), (NaCl)Na (m/z 81), Cl- (m/z -35) 
&(NaC1)xCr(m/z-93) 16.8 
- Mixed sea-salt Pure sea-salt + NOj (m/z - 46), NO3 (m/z - 62) 43.4 
- Aged sea-salt Nat , NOi,  NO3, (NaNO3)xNa (m/z 108), 
(NaNOx)N0y (m/z - 13 1) 5.56 
- Sea-salt w/o negative Na (nilz 23), NaOf1C (m/z 39) (NaCl)Na 
ion spectra (m/z81) 11.6 
Carbonaceous 16.4 
-Elemental carbon (EC) C (m/z 12) and C3 (m/z 36) 6.54 
- Secondary EC EC + NO2 (m/z - 46) and S03 (nilz - 80) 8.53 
- EC with IC and SO4' EC ± IC(m/z 39) and SO4 (,n/z-96) 1.31 
Dust 
- AliTilSilicates A1 (m/z 27), Alif (m/z -43), Si02 (m/z -60), P0 
(nilz-63) 0.27 
- Calcium Ca (in/z 40) and CaO (m/z 56) 5.67 
Other 0.26 
-Amines C3H8N (m/z 58), H2NCH1O (m/z 74) and NC3H12 
(m,/z86) 0.14 
- KC1 f 	IC (m/z 39) and (KC1)IC (m/z 113) 0.08 
- Vanadium V (m/z 51) and VO (m/z 67) 0.04 
Manual classification 
Na-EC Na (m/z 23), (NaCl)Na (m/z 81) & EC 2.64 
Mixed Organic carbon/EC EC & CH3 (m/z 15), C2H3 (m/z 27), C2H30 6.03 
(m/z 43) 
HMS HS03 (m/z 81), HSO4 (m/z -97) & HOCH2SO3 0.09 
(m/z-111) 
Table 4.3. Particle types resulting from the K-means algorithm/manual 
classification detected by the ATOFMS during NAMBLEX. 
Applications and evaluation of a single particle time-of-flight mass spectrometer 	97 
Chapter 4 
4.3.4.1. Sea-salt 
Sea-salt particles play a significant role in both the chemistry and radiative transfer 
occurring in the lower troposphere. Due to their large surface area and typically low 
acidity, sea-salt particles are significant, if not dominant, removal sites for sulphur 
species and other gaseous compounds in the MEL. Marine aerosols affect climate 
directly through scattering and absorption of radiation and indirectly as CCN. In 
addition marine aerosol particles play an important role in the cycling of various 
elements through the atmosphere (Raes et a!, 2000). Sea-salt particles are produced 
at the ocean surface by the bubble bursting resulting from the entrainment of air 
induced by wind stress. On bursting, these bubbles produce film and jet drops. These 
bubbles are most concentrated in whitecaps associated with the breaking waves 
which commences at wind speed of approximately 3-4 in s' (O'Dowd et al, 1997). 
The meteorological conditions along with the sampling location ensured that marine 
sea-salt would be the dominant particle type expected. 
Sea-salt type particles contributed 77% to the total particle number detected. Four 
different types of sea-salt particles were identified during NAMBLEX, these were 
classified according to the degree of displacement of Cl - peaks, with all Cl - peaks 
present the particle was classified as being pure sea-salt (16.8 0/o), mixed sea-salt 
(43.4%) contained ion signals for both Cl - and NOxt  and aged sea-salt (5.56%) 
particles were defined as those with all of the Cl being replaced with NO species. 
The fourth sea-salt class contained little or no negative ion mass spectra but positive 
ion signals for sea-salt. Similar spectra are reported again in Chapter 6. It is thought 
that this particle type may have be due to instrumental problems rather than a 
different particle type (Moffet et a!, 2004). Figure 4.12 shows a timeline  of mixed, 
aged and pure sea-salt particles detected during NAMBLEX Considerably more 
particles have been assigned to the mixed sea-salt class when using the K-means 
algorithm (43.4%) than when using the ART-2a (14.5%) (Dall'Osto et a!, 2005). On 
examination of the other classes detected by the ART-2a and spectra present in the 
mixed sea-salt class it appears that the other particle types were agglomerated by the 
NOx refers to oxides of nitrogen 
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K-means algorithm. The K-means clustering algorithm did not identify any Mg-rich 
particle class in the NAMBLEX data set. 
Mixed sea-salt particles were most prominent during the first meteorological period 
(1-5/8/02) and then again during the third meteorological period (12-17/8/02) when 
air masses were arriving from the west. The highest number of pure salt particles 
were detected between the 12/08/02 - 17/08/02. During this period clean air was 
observed 29% of the time also wind speeds on the 14th , 15th and 17th  August were in 
excess of 15 m s* A size distribution showing both raw and scaled ATOFMS sea-
salt number counts is shown in Figure 4.13. 
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Figure 4.12. Time line of the numbers of particles containing ion signals for 
Aged, mixed and pure NaCl detected during NAMBLEX 
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Figure 4.13. Size distribution of unscaled (solid line) and scaled (dotted line) 
ATOFMS counts for the total NaCl particles detected during NAMBLEX 
During this study, sea-salt particles were identified by the presence of peaks for Na 
(,n/ 23), NaO/K (m/z 39) and (NaCl)Na (m/z 81, 139, 197). In the negative ion 
mass spectrum peaks are present for 01-F (,n/z 17), Na (m/z 23), Cl- (m/z 35), NaC1 
(m./z 58), (NaCl)CI (,n/z 93, 151, 209) and (NaC1)Cl(H 20) (m/z 111, 129). Liu et 
al. (2003) reported mass spectra where sodium was detected with water cluster ion 
signals. The presence of peaks for Na(H20) (m/z 41) and Na(H20)2 (,n/z 59) were 
observed in several mass spectra along with some negative sodium chloride cluster 
peaks for (NaCI)CI(H20) (m/z -111) and ((NaCl)CI(H 20)2 ) (nVz -129) as well as the 
presence of peaks due to 0 (m/z -16) and 01-1 (m/z -17). These peaks were detected 
in both the mixed and pure salt. Additional ion signals for nitrate, NO2 (m./± 46), 
NO3 (mz -62), (NaCl)NO2 (m/ -104) and (NaCI)NO3 (m /z —120) were present in 
the negative ion mass spectra of those particles classified as mixed salt. Mixed and 
aged sea-salt aerosols were formed when sea-salt particles reacted with HNO3 to 
form nitrate and release hydrogen chloride to the gas phase (Equation 4.2) (Harrison 
eta!, 1999 Harrison & Pio, 1983 Pakkanen, 1996). 
Unscaled ATOFMS data 
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NaCI + HNO3 -* NaNO3 + HCI 	 (4.2) 
Typical positive and negative ion mass spectra from a mixed, pure and aged sea-salt 
particle are shown in Figures 4.14 -4.16. 
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Figure 4.14. Positive and negative ion mass spectra from a single mixed sea-salt 
(2.15LLm) particle sampled during NAMBLEX. 
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Figure 4.15. Positive and negative ion mass spectra from a single pure sea-salt 
particle (1.43 pm) particle sampled during NAMBLEX. 
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Figure 4.16. Positive and negative ion mass spectra for a single aged sea-sail 
particle (132 j.un) particle sampled during NAMBLEX. 
Heterogeneous atmospheric chemistry 
Relative humidity (RH) plays an important part in the reactions of NaCl with nitric 
acid (Equation 4.2). If the RH is above 75%, the deliquescence point of NaCl, the 
particle becomes an aqueous droplet and with sufficient nitric acid the reaction can 
proceed to completion (Carson et al, 1995). But if the RH is low the particle will be 
solid and the reaction will be limited by diffusion in the solid (Langer et a!, 1997). 
60.6 % of the sea-salt detected during NAMBLEX was mixed or aged sea-salt and 
the relative humidity was always above 75%. 
The ratio of the number of super-micron particles containing nitrate anions to the 
number of super-micron particles containing chloride anions was plotted against 
sampling time in Figure 4.17. The ratio was greater than unity for an air mass that 
has travelled over the continent, providing evidence for chloride displacement by 
acidic gases. Figure 4.17 indicates that, for particles detected during the period when 
NAMBLEX was impacted by continental air, the chloride originally present in the 
particle had been exchanged via the reaction shown in Equation 4.2. 
4[j?/Ic(/!IuJ7c c/fll C,'a/,ia(iOii 1 ! 1 SiF7'lL' part/tie i:inc-of-/la,'hi ma 	cpeelra,ne(er 	102 
0 z 
100  
Continental air masses 	 Maritime air masses 
10 





1600 	1400 	1200 	1000 	800 	600 	400 
01/08/02 04/08/02 07/08/02 10/08/02 13/08/02 16/08/02 19/08/02 
Time & Date 
Figure 4.17. The temporal trend in the ratio n(7V03)1n(Ct) of the number of 
super-micron particles per hour containing nitrate and chloride. The ratio is 
greater than unity during the dirty period and less than unity during the clean 
period. 
Some of the detected mixed or aged sea-salt particles show a peak at m/z 108 in their 
positive ion mass spectra this is identified as (NaNO3)Na. This peak has been used 
in previous experiments as an indicator of the reaction of NO species leading to the 
formation of sodium nitrate with displacement of chloride from the sea-salt particles 
(Gard et a!, 1998). This heterogeneous reaction plays an important role in 
atmospheric chemistry because it is a permanent sink for gas-phase nitrogen oxide 
species. During NAMBLEX the signal at m/z 108 was not very strong but was 
sufficiently strong during the first period of the campaign to be used as a marker for 
heterogeneous reactions. On the 02/8/04 when the air mass was arriving from the 
continent carrying high number concentrations of secondary polluted particles it is 
possible to see a short diurnal trend in the data, shown in Figure 4.18. 
The sea-salt particles detected during NAMBLEX were grouped into 1-hour time 
bins,  and the relative peak area of the chloride and nitrate marker ions, (NaCl)Na 
and (NaNO3 )Na, respectively, was determined in each single-particle mass 
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spectrum. The average relative area for both (NaCl)Na and (NaNO 3)Na was then 
determined for all sea-salt particles in each 1-hour time bin and plotted versus time. 
A diurnal trend in chloride replacement by nitrate on sea-salt particles is observed in 
Figure 4.18 starting  at 000 02/08/02. The black squares indicated the relative area 
intensity of (NaNO3)Na particles and the yellow circles show the relative area 
intensity of the particles containing (NaCl)Na. The diurnal trend is only observed 
during this short period when air masses contained high numbers of secondary aged 
particles and gaseous species. Gard et aL (1998) illustrated a strong diurnal trend 
occurring in particles analysed by the ATOFMS over a 2-day period. Strong 
pollution episodes from the Los Angeles basin were sampled during this study. 
Sullivan et al. (2005) have recently demonstrated the ability of the ATOFMS 
instrument to measure in real-time the kinetic uptake of nitric acid on single mineral 
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Figure 4.18. Possible evidence of heterogeneous chemistry during NAMBLEX 
2004 
Two things that seem to influence most of the observed chloride losses are the air 
transport time over continental areas and the concentration of sea-salt particles in the 
air. Chloride depletion is higher for air masses with longer continental transport 
times (1 st5th  of August) and lower for air masses having larger sea-salt particle 
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loadings (6 h-21 " of August). The depletion of chloride from sea-salt, particles is 
caused by the accumulation of strong acid anions, such as sulphate, nitrate, methyl 
suiphonic acid (MSA), and various dicarboxylic acid anions, into these particles 
(Kerminen eta!, 1998). 
It is important to note that these heterogeneous processes will only occur when sea 
salt loadings are high and are fresh Due to the location of Mace Head, fresh sea salt 
particles will be produced in high quantities especially when wind speeds are high. 
During the period when this diurnal variation in NaC1INaNO 3 was observed the wind 
speeds were 4 ms". Sea-salt production increases with wind speeds and at wind 
speeds in excess of 7-11 in", the tearing of wave crests results in the injection into 
the marine boundary layer of ultra-large spume sea-salt particles. 
If sea salt has been in the atmosphere for some time it will not have a diurnal 
signature. Furthermore the HNO3 produced at night should exceed that produced in 
the day by NO2 + OH. In studies carried out by Gard et al.(1998), model calculations 
were carried out to follow the air mass trajectories and calculate the relative mole 
concentrations of HNO3 and NaCl. During the NAMBLEX study these calculations 
were not available. Therefore, although ion-exchange reactions between NaCl and 
HNO3 are possible, without addition information on the mole fractions or formation 
rates of the HNO3 and NaCl it is not possible to say with confidence that this is the 
process being observed in Figure 4.18. 
4.3.4.2. Carbonaceous particles. 
On manual classification of the sea-salt clusters, it was found that almost 3% of sea-
salt particles also contained ion signals for carbon. These particles were detected in 
the highest number concentrations when the air masses were arriving from the east. 
These particles have also been detected in air masses arriving over the Atlantic. 
Mixed NaCl and carbon particles suggest that there is in-cloud processing occurring 
and also that carbonaceous particle are being transported over the Atlantic Ocean 
before arriving at Mace Head. This particle type was not identified as a separate 
cluster by the K-means algorithm. 
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Carbonaceous aerosol contributed 16% to the total number of particles detected 
during NAMBLEX. 79% of the particles identified as containing ion signals for 
carbon were detected during the first meteorological period when the air masses were 
arriving from the continent. Figure 4.19 shows all the carbonaceous particles 
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Figure 4.19. Time line of sub and super-micron carbonaceous particles sampled 
during NAMBLEX 
The carbonaceous episodes occurring during NAMBLEX correlate with increased hit 
rate shown in Figure 4.11. Carbonaceous particles were present predominantly in the 
sub-micron size distribution. A size distribution, illustrating the scaled and unscaled 
particle number, is shown in Figure 4.20. 
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Figure 4.20. Size distribution of unscaled (solid line) and scaled (dotted line) 
ATOFMS counts for carbon particles detected during NAMBLEX 
The presence of super-micron carbon episodes on the 13th, 14th and 16th  August 2002 
(Figure 4.19) are correlated with bursts of mixed sea-salt detected during this period 
(Figure 4.12). Back trajectory analysis reveals that air masses were arriving at Mace 
Head from the west, suggesting polluted air masses from North America/Canada 
Carbonaceous particles associated with sodium suggest that anthropogenic 
combustion products are being transported across the north Atlantic to Mace Head. It 
is important to note that dirty air masses coming from USA/Canada bring carbon-
containing particles associated with sodium that are distributed predominantly in the 
coarse mode, suggesting secondary formation on existing particles. 
During the same period Dall'Osto et a! (2005) identified a magnesium rich particle 
with ion signatures for carbon. It is suggested that this particle class is thought to be 
of biogenic origin. Recent publications by Cavalli et a! (2004) and O'Dowd et a! 
(2004) have shown increasing carbonaceous content in particles present in the marine 
environment as the particle size decreases. It is possible that the carbonaceous 
episodes shown in Figure 4.20 are from a biogernc origin but it is also necessary to 
consider the possiblility that these particles have been transported over the Atlantic, 
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especially since all the particles are present in the supermicron mode contrary to the 
findings reported by O'Dowd and Cavalli. 
The carbon particle type was subdivided into four different carbon type particles. 
These were elemental carbon (EC), carbon with ion signals for K, secondary carbon 
and mixed organic carbon/EC. The elemental/black carbon particles gave ion signals 
for C (m/z 12) and C3 (m/z 36). Occasionally longer chained elemental carbon was 
1- present with higher mass ions for C4 +/-, C5+/-, C6
+1-  but as high laser irradiances were 
used to sample the ambient particles a lot of fragmentation was observed in the mass 
spectra. Elemental or black carbon is considered to be a good marker for biomass 
burning and fossil fuel combustion. This elemental particle type did not contain any 
other ion signals species. Figure 4.21 shows a single particle mass spectrum for short 
chained elemental carbon. 
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Figure 4.21. A positive and negative ion mass spectrum for a single short 
chained elemental carbon particle with an aerodynamic diameter of 0.61 pin 
It was common to find ion signals for 39W  in the positive ion mass spectra of carbon 
containing particles. IC is a strong indicator of combustion sources including 
biomass burning (Silva et al, 1999) and coal combustion. This particle type 
correlated well with ion signals for sulphate. 53% of the sub-micron carbon particles 
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contained ion signals for W. Studies have shown that diesel exhaust engine does not 
produce detectable amounts of potassium (Gaudichet et a!, 1995). Positive and 
negative ion mass spectra representative of a typical carbon-containing particle with 
IC are shown in Figure 4.22. 
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Figure 4.22. Positive and negative ion mass spectra from a secondary elemental 
carbon with IC as well as both sulphate and nitrate species (0.64 pm). 
In the positive ion mass spectrum ion signals for C (m/z 12), NH (m/z 18), C3 
(nilz 36), IC (m/z 39), and in the negative ion mass spectrum signals for NO2 (m/z - 
46), NO3 (m/z 62) and HSO4 (m/z -97) were detected. The presence of sulphate in 
carbonaceous particles can result from direct emission by combustion sources, 
coagulation, cloud processing, and/or condensation and reaction of sulphur oxides on 
particles. Average sulphate associations for particles with aerodynamic diameters 
between 0.3 and 1 j.tm were determined to be 31% for carbon particles with W. 
Other studies have reported averages of 75% of sulphate associations with carbon 
particles containing IC (Guazzotti et a!, 2003). In the particles sampled during 
NAMBLEX there appears to be higher sulphate associations with super-micron 
carbonaceous particles containing IC (591/o) suggesting that the aerosol may be more 
aged than the aerosol detected in previous studies. The presence of chloride and/or 
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sulphate in combustion related particles depends on the temperature of formation of 
the particles as well as their aging processes (Ruellan et a!, 1999a). In the case of 
particles produced from biomass burning, Gaudichet et al. (1999b) have indicated 
that near the emission source more chloride occurs in the observed soot particles than 
those collected further downwind from the sources, indicating the evolution from 
KC1 to K2SO4 . 
During NAMBLEX the presence of chloride and sulphate signals associated with 
biomass burning particles were investigated. Between the 1-5/08/02, when the air 
masses were arriving over the continent, the biomass aerosols contained strong 
chloride signals indicating that the source may be local. A significant increase in the 
number of carbonaceous particles containing K with sulphate was observed on 
05/08/02. This suggests that the air masses containing this particle type may be 
associated with long range transport The carbon particles sampled during this day 
also had a bimodal distribution with more particles detected in the super-micron 
mode than those sampled on previous days. 
Carbon-containing particle with IC and Lr 
Using manual classification methods it is possible to determine the sources of certain 
particle types by investigating other elemental signals associated with them. In the 
case of carbon-containing particles with potassium, the presence of other species can 
be used as an indication of the original source of the detected particles. 
Lithium, when present in carbonaceous particles has been reported to be an indicator 
for coal combustion. Guazzoti et al. (2003) reported that Li was almost never 
present in the single particle mass spectra of particles produced from biomass/biofuel 
burning but it was commonly associated in particles produced by coal combustion 
processes. The presence of Li in K containing particles detected during 
NAMBLEX was investigated but only very low levels of particles containing Li and 
carbon were detected. These results suggest that most of the carbon-containing 
particles with IC are likely to result from biomass or biofuel burning. An example of 
a sub-micron 'W containing carbonaceous particle with Li is shown in Figure 4.23. 
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Figure 4.23. Positive and negative ion mass spectra for a secondary elemental 
carbon with K1 and Li (0.56 pm). 
Studies have also shown that carbon-containing particles containing no ion signals 
for K are likely to have arisen from the combustion of fossil fuels with little or no 
potassium, such as diesel. 47% of the total number carbon particles contained no 
detectable potassium signal. This indicates that there is a considerable fraction of 
carbonaceous material from the combustion of fossil fuels, such as diesel. The 
highest numbers of these particles were detected on 2id,  0' & 5th of August 2002. 
Local or long range transport could have contributed to the presence of these 
particles. 
Secondary Carbonaceous species 
Carbonaceous species were also associated with nitrate such as NO 2 (nilz 46) and 
NO3 (m/z 62) and sulphate such as HSO 4 (m/z 97) and S03 (in/z 80) and were 
classified as secondary EC. The presence of these peaks in the mass spectra serve as 
indicators that these carbon-containing particles have undergone reaction with NO 
and SO.5 species. The hydrolysis reaction of N205 in aerosol particles or cloud 
droplets to form nitric acid is a potentially important contributor to night time 
SOx refer to oxides of sulphur. 
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heterogeneous reactions in the atmosphere since it represents a principal sink of NO 
species. Rapid conversion of nitric acid to NO has been postulated to take place in 
aerosols as well (Chatfield, 1994). Figure 4.24 shows that sulphate al nitrate often 
co-exist in the same particle. 
A number of secondary carbon particles also give signals for ammonium and nitrate 
together. The presence of ammonium nitrate in particles may result from the reaction 
of ammonia and nitric acid (We)der & Seinfeld, 1990). Significant anthropogenic 
sources of ammonia are nitrogen based fertilisers, industrial emissions, and animal 
waste. 
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Figure 4.24. Positive and negative ion mass spectra from a secondary elemental 
carbon with both sulphate and nitrate species (0.80 pm). 
Figure 4.25 shows the time-line for both primary and secondary elemental carbon. 
Elemental or unreacted carbon is present mainly at diameters less than 1 pm where 
as the secondary carbon appears to be evenly. distributed between the sub and super-
micron modes (Figure 4.26). 
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Figure 4.26. Size distribution for elemental and secondary carbon 
Organic carbon particles 
Castro et at (1999) reported low carbonaceous particle concentration at Mace Head 
compared with urban areas. In their study a high value of 10.8 for the ratio of organic 
carbon (0Q/black carbon (BC) suggested that in the summer there is increased 
formation of secondary organic carbon, due to the more favourable conditions for 
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gas-to-particle conversion. OC was identified through manual inspection of the K-
means cluster classes. The OC particles identified were mixed with signals for EC. In 
these particles ion signals for C (nilz 12), CH3 (nilz 15), C2H3 (m/z 27), (m/z 
36) and C2H30 (m/z 43) were present. These particles were mainly detected during 
the I s'-5th August 2002 but two other episodes occurred during the night of 12th & 
13th August 2002. The size distribution of these particles was mainly in the sub-
micron fraction. The size distribution of the organic carbon particles detected on the 
12th & 13th had a broader distribution with a larger number of particles in the super-
micron fraction. O'Dowd et al. (2004) recently described how sub-micron organic 
carbon detected at Mace Head was due to a biogenic origin. It was suggested that 
sea-salt generated through bubble bursting when a surfactant layer is present can lead 
to sub-micron particles with a high organic content and little sea-salt. This is a very 
significant finding as organic matter can significantly affect the cloud droplet number 
concentration and it has not previously been included in global climate models. 
Organic carbon particles have both primary and secondary sources. Particulate 
organic carbon has a secondary origin from physical or chemical adsorption of 
gaseous species on the surface of aerosol particles, a process that can happen under 
sub-saturation conditions (Pandis et a!, 1992). These particles are normally found in 
the sub-micron fraction. Super-micron organic carbon particles are produced mainly 
by mechanical processes, associated with the emission of plant spores and pollen, 
vegetation debris, lyre rubber, and soil organic matter. 
Amine containing particles 
A small sub class of the carbon type particles was identified as containing ion signals 
for amines. This particle class contributed less than 0.2% to the total number of 
detected aerosol particles. The amine class was labelled as such based on the 
presence of major ion peaks for C31718N (m/z 58), C3H9N (m/z 59), H2NC 1H10 (m/z 
74), NC3H12 (m/z 86) and minor unidentified peaks at m/z 154 and 184 (Figure 4.27). 
Low molecular weight aliphatic amines are emitted by a variety of anthropogenic 
and biogenic sources, constituting an important class of environmental pollutants due 
to their toxic and odorous properties. A number of short chained alkyl-amines have 
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been detected in industrial emissions and car exhausts as well as air samples from 
cattle farms, waste incinerators, and sewage treatment plants (Angelino eta!, 2001) 
The amines in this study were only present in the super-micron mode and are usually 
coupled with a large potassium signal. The negative ion mass spectra of these 
compounds had a number of ions for nitrate and sulphate species. It has been 
reported that reaction with HNO3 may occur in polluted urban areas. Very few 
particles were classified in this group making it difficult to examine correlations with 
RH or temperature which might have revealed whether this particle class underwent 
gas-to-particle partitioning. 
As these compounds were only detected with diameters> 1 pm and contain negative 
ion signals for nitrate and sulphate it is likely that these particles are a result of long 
range transport from polluted regions. This is further supported by the strong 
correlation of the number of amine particles with wind direction arriving from the 
south/north-east. Many of the spectra identified have a peak at m/z 104. A similar 
particle type was detected by Moffet et al. (2004) and it was reported that there were 
no correlations with temperature or RH. It was suggested that likely sources of this 
particle type included swine  or poultry farms, combustion activities, synthetic or 
natural fertiisers, sea spray and reactions of NO with biogenic compounds (Moffet 
eta!, 2004). It should be noted that on the west coast of Ireland there are both animal 
and agricultural farms as well as an abundant supply of sea-salt. 
Reactions with atmospheric oxidants such as OH and 03 are the major removal 
processes for these organic nitrogen compounds (Equation 4.3), 
KOH 
NI-I3  ± OH._>NH2  + H20 	 (43) 
where koH  is the reaction rate constant (1.5 x 1013  cm3 s 1). The reaction rates 
reported for amines are 150-400 times faster than the reaction rate with OH and NH3 
therefore oxidation by OH is a more important removal process for amines than for 
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NH3, where the reaction with OH is probably not the dominant removal process (Van 
Neste et a!, 1987). 
Positive ion mass spectrum 
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Figure 4.27. Positive and negative ion mass spectra sampled from a 1.78 gm size 
amine particle 
Dall'Osto et a!, (2005) used an ART-2a to classify the NAMBLEX data, an amine 
particle class was also detected but only during two distinct periods. The particle 
class detected here in this thesis occurred more frequently and correlated well with 
easterly wind directions. 
Hydroxymethansuiphonate (HMS) 
During NAMBLEX a prominent marker for fog/cloud processing, 
Hydroxymethansulphonate (HMS) was observed in a small number of single particle 
mass spectra (<0.1%). HMS is identified in the negative ion mass spectra of 
individual particles sampled at m/z -111 (1710CH2SO3). Whiteaker and Prather 
(2003) assigned the peak at nilz -111 as HMS and confirmed this by analysing HMS 
particles using a controlled laboratory studies. HMS is an important component in 
atmospheric fog and cloud chemistry and is the product of the aqueous-phase 
reaction between formaldehyde and the bisuiphite ion (Whiteaker & Prather, 2003) 
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The ion signal for HMS at m/z -111 overlaps with that of (NaCl-H20)Cr but both can 
be distinguished by the use of isotope ratios as well as investigating other ions 
present in the positive and negative ion mass spectra Particles containing the HMS 
also contained ion signals indicating the presence of sulphur species, such as S03 
(m/z 80), HS03 (m/z -81), HSO4 (m/z -97). 
In the mass spectra of this particle type there was no/little Na present but strong 
signals for NH are detected. Whiteaker and Prather (2003) showed, through 
laboratory studies, that no peak at m/z -111 was present for the pure salt NaHIVIS but 
when ammonium sulphate was added a peak at m/z -111 was produced. This was 
attributed to the matrix effect in the DI process. This is significant as ambient 
particles sampled at Mace Head contain a large amount of sodium relative to 
ammonium which explains why only small amounts of HMS are detected by the 
ATOFMS. An example of positive and negative ion mass spectra containing HMS 
are shown in Figure 4.28. 
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Figure 4.28. Positive and negative ion mass spectra from a particle containing 
ion signals for EMS 
The use of the ATOFMS for measuring the presence of HMS in particles can provide 
important information in regions where fogs and clouds play a role in the 
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transformation of the aerosol. All of the HMS-containing particles sampled contain 
carbonaceous components and secondary aerosol species such as ammonium, nitrate 
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Figure 4.29. Temporal trend of the number of particles classified as HMS 
Some mass spectra (-.34 1/o) containing HMS had peaks for oxidised organics (Figure 
4.28) such as malonate (H02CCH2CO2 (m/z 103)), oxalate (CH02CCO2 (m/z 89)), 
propionate (CHCH2CO2 (mlz 73)) and acetate (CH3CO2 (m/z 59)). The co-
existence of HMS with oxidised organic peaks in the same particle suggests that 
some of the oxidised organics were formed by aqueous phase reactions. The HMS 
particles detected during NAMBLEX were mainly found in super-micron particles 
(78%). The abundance of oxidised organics in larger particles is consistent with 
aqueous reactions (Blando & Turpin, 2000). Similar size distributions were reported 
by Whiteaker and Prather (2003). 
The formation and stability of HMS has been shown to be highly dependent on the 
pH of the particle or droplet, as well as the concentrations of formaldehyde, 
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the dissolving of SO2 in water, hydration, and complexation with aqueous 
formaldehyde. Equations 4.4-4.8 show some of the important reactions in the 
formation of sulphate species in the atmosphere. 
SONG) + H20 -* S02.H20 (4.4) 
S02-H20 4 Fr + HS03 (4.5) 
HS03 -* H + S032 (4.6) 
HCHO(A + H20 -* CH2(OH)2 	(4.7) 
HCHO(A + HS03 4 HOCH2SO3 	(4.8) 
Lee et al. (2003) reported that the RH dependence of oxidised organics suggests that 
gas particle partitioning also controls the abundance of the oxidised organics in 
aerosols. , Lee et al. (Lee eta!, 2003) were able to correlate high number of HMS with 
RH and oxidised organics and suggest that aqueous reactions, gas particle 
partitioning and photochemistry all contribute to the oxidised organics formation As 
RH was always greater than 75% during NAMBLEX and only low numbers of HMS 
particles were detected it was not possible to investigate the role of RH in the 
formation of HMS particles detected during NAMBLEX. 
Besides being HMS, the negative ion signal at m/z -111 could also be another organo 
sulphur compound, CH 30S03, methylsulphate. However the correlation of the mass 
spectra found during NAMBLEX with that reported by other studies (Whiteaker & 
Prather, 2003; Lee eta!, 2003; 2002) and the correlation of other ion signals suggests 
otherwise. No dimethylsulphite (m/z -126) was detected in these particles. 
4.3.4.3. Dust containing particles 
The third general particle type sampled during NAMBLEX was dust A number of 
different sources of airborne dust particles have been identified (Hinds, 1999). Over 
a billion tons of mineral soil-derived dusts are transported annually from the African 
Sahara/Sahel over the Atlantic Ocean to the Americas and Caribbean and across the 
Mediterranean into Europe. The atmosphere is a global bridge connecting the 
continents. For this reason dust is an important contributor to radiative forcing as 
well as transporting micro organisms and organic chemical pollutants around the 
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globe. The radiative effect of dust particles on the earth as well as the effect on 
heterogeneous processes in the atmosphere is relatively unknown (Figure 1.1). Dust 
particles contribute more Tg yf' to the total estimated particles emitted to the 
atmosphere than organic carbon, black carbon, sulphate and nitrate. Among natural 
sources the two most significant are windblown  soil or sand and volcanic eruptions. 
Anthropogenic sources of dust particles include metallurgical and farming processes, 
transportation (brake pad dust and road dust, (Schofield, 2003)) waste incineration 
and power plants. The majority of the dust particles detected during NAMBLEX had 
aerodynamic diameters> 1 tLm. A size distribution showing  both scaled and unscaled 
ATOFMS counts for dust is displayed in Figure 4.30. 
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Figure 430. Scaled (dotted line) and unscaled (solid line) size distributions for 
all particles classified as dust. 
Only 6% of all the particles detected during NAMBLEX were classified as dust A 
number of different dust particles were observed during NAMBLEX. Some 
commonly detected ions in dust particles include calcium, iron, aluminium, 
magnesium, potassium, sodium, and titanium. The most commonly observed type of 
dust particle was identified by the presence of peaks in the positive ion mass spectra 
for Na (,n/z 23), Ca (nilz 40) and CaO (m/z 56). The second most abundant aerosol 
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type identified during NAMBLEX was dust particles containing ion signals for Al 
(m/z 27) as well as Na and negative ion mass spectra containing 0 (m/z -16) and 
Alif (m/z -43). A number of silicate (SiO2- (nilz -60) and Si02 (m/z -76)), phosphate 
(P02 (m/z -63) and P03 (nilz 79)). Nitrate and sulphate ions were also identified as 
well as a percentage of carbonaceous ions. The common occurrence of many of these 
peaks (nitrate, sulphate and carbon) demonstrates how transformed the dust particles 
are, even at a rural marine site. 
Calcium-type dust particle 
The calcium particles were detected throughout the.campaign and contributed 5.67% 
to all the detected particles. This particle type was detected at higher concentrations 
between the 2nd3rd  8" —1 1th  and also on the 20th  August. Since calcium dust 
particles were present throughout the campaign it is assumed that this particle is from 
a local source, possibly from wind blown soil/rock dust around the Mace Head area 
(Huang et al, 2001). 
58% of the calcium particles contained ion signals for nitrate (NOi (m/z -46) and 
NO3 (nilz -62)). Ammonium and sulphate ions were detected in 5% and 6% of the 
calcium particles, respectively. HNO3 , SO2, or H2SO4 can react with carbonates such 
as CaCO3 and MgCO3 on wet soil particles to form coarse mode nitrate and sulphate 
(Zhuang et al, 1999). Non-sea-salt sulphate formed by the reaction of H 2SO4 with 
soil particles has also been reported (Pakkanen, 1996; Yeatman et a!, 2001). The 
ability to detect nitrate and sulphate in dust particles is an advantage of single 
particle analysis. Obtaining this information is important for assessing the radiative 
properties of the particles as well as determining the ability of mineral particles to 
become CCN. Dust particles can scatter and absorb solar radiation. The dominance 
of mineral dust in aerosol light scattering has been discussed previously, indicating 
that mineral dust could be an important climate-forcing agent over regions where 
dust concentrations are high (Raes et al, 2000). 
Phosphate (17%) and silicate (4%) ions were also present in calcium particles. The 
calcium-type particles containing phosphate ions were detected at high levels during 
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the 15th and again on the 89th  August (Figure 4.3 1). The air masses on the 89th 
appear to be circulating over Ireland as shown in Figure 4.32. As explained in section 
4.3.1, a strong depression passed over Mace Head on the 8 causing the wind 
direction to change from a westerly direction to a northerly direction, implying that 
this particle type originates from a northerly source. 
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Figure 431. Time series showing the association between calcium silicates and 
phosphate. 
1800 - 0000 09/08/02 	000) - 0600 09/08/02 
80 
-. 
Figure 432. Air mass back plots for 8th & 91h of August 2002 
The increase in calcium and silicate containing particles occur during two short 
periods on the 6th  and J3 th and correlate well with the aluminium type particle 
(Figure 4.34). Titanium ion signals were also associated with calcium particles. 
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These ion signals were mainly associated with calcium during first stage of the 
NAMBLEX and also during the 13th and 14th•  The variation in air masses during 
these periods suggests that these particle types are not from the same source or that 
they are both a result of local emissions. 
Aluminium-type dust particle 
The second type of dust particle detected contained strong ion signals for aluminium 
and silicate material and contributed 0.3% to the total dust particles detected. This 
particle type was only detected during two short periods, one on 61h  18 h and the 
other 13t11  03 h. Titanium ions were also associated with these particles and has been 
detected previously in single particle mass spectra from soil dust (Silva ci a!, 2000). 
Air mass back plots for 6th  and 13th  August 2002 (Figure 4.33) show that the air 
masses are predominantly approaching from the clean sector between 180 and 3000. 
Longer range back trajectory maps may provide more detailed description of these 
air masses. Suggestions have been made that this aluminium/silicate particle type 
could be the result of long ranged transport of soil dust from Saharan regions (Huang 
eta!, 2001; Dal?Osto eta!, 2004). 
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Figure 4.33. Air mass back plots for 6th & 13th August 2002 
Aluminium particles were found to be associated with sulphate (35%), nitrate (40%) 
and phosphates (15%) ions. Aluminium particles associated with phosphate ions 
were detected during the P' - 5 " August whereas the silicate and aluminium particles 
were only detected during short periods on the 6 6 and 13 th of August. This is clearly 
illustrated in Figure 4.34. 
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Figure 4.34. Time series of aluminium particles with silicates and phosphates 
During the field campaign, more complex particle types were also detected, 
including combinations of the general types discussed, such as dust, elemental 
carbon, sulphates and sea-salt particles with dust. Many of the dust particles sampled 
contained ion signals for carbonaceous species. This indicates that these particles are 
significantly aged and reacted with carbonaceous species. The majority of dust 
particles containing carbon were detected during the first five days of sampling when 
the air masses were arriving from the east. A representative spectrum is shown in 
Figure 4.35. These particular combinations indicate that agglomeration processes 
occurred. Dust particles associated with sea-salt have been observed previously in 
Beijing (China) and Nagasaki (Japan) as well as over remote oceans (Fan et al, 
1996). 
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Figure 4.35. Positive and negative ion mass spectra from an aluminium dust 
particle containing titanium and nitrates (1.52 pm) 
Dust combined with sea-salt 
Dust particles associated with sea-salt, particularly calcium containing dust particles 
were seen during the start of the NAMBLEX field campaign when air masses were 
arriving from the continent. Andreae et al. (1986) suggested that the presence of 
internal mixing of sea-salt and dust aerosols was due to in-cloud processing where 
(hydrophobic) dust particles become encased by droplets within the cloud and then 
act as a CCN. Since most cloud droplets do not fall as rain but evaporate, the solute 
from the original CCN is left behind as a residue on the surface of the mineral 
particle. The next time such a particle enters a cloud it will act as a CCN because of 
the soluble material on its surface (Andreae eta!, 1986). 
4.3.4.4. Other particles 
Trace elements can be detected with the ATOFMS including V, Ti, Ba, Pb and Mn. 
The presence of these elements in different particle classes, alone or combined, 
provides information on the possible sources of such particles during NAMBLEX. 
For example, lead-containing particles were observed during NAMBLEX. The 
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presence of lead is indicated by the isotopic peaks at m/z 206, 207, 208 in the 
positive ion mass spectra of the particles. A number of particles containing lead were 
detected during the early hours of 5 ' August 2002. All of the particles containing 
lead during this period had aerodynamic diameters less than 1 pm and were 
internally mixed with carbon These lead-containing particles most likely originate 
from combustion of leaded fuels. The number concentrations of these particles are 
generally low and they are usually associated with passing ship (Guazzotti et a!, 
2003). The wind direction from 0200 h to 0500 h on the 5th  of August was arriving 
from a north-easterly/south-easterly direction. During 0000 h and 0100 h previous to 
the lead event the wind direction was arriving from a north-westerly direction It is 
also possible that these lead containing particles may have come from an inland 
source. Figure 4.36 shows a dust particle containing strong positive ion signals for 
lead. 
Several particles were classified as containing vanadium, but they represented less 
than 1% of the total particles classified (Figure 4.37). It is likely that the vanadium 
particles have a crude oil origin (DalI'Osto et a!, 2004). 
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Figure 4.36. Positive and negative ion mass spectra of a particle containing lead 
in association with silicates and carbon. 
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Figure 4.37. Positive and negative ion mass spectra from a particle containing 
ion signals for vanadium (0.26 pm) 
44. Comoarison of clusterina techniaues 
In this thesis a K-means algorithm was employed for the analysis of the ambient 
dataset obtained by the ATOFMS instrument. This technique employs a non-
hierarchical clustering procedure whereby it selects clusters from the first 'n' 
different particle types. The number of different particle types or clusters needs to be 
defined by the user. For this reason this technique is slightly user biased. This bias 
may be overcome if a large number of clusters are predefined by the user. 
Hinz et al. (2005) compared K-means and fuzzy clustering methods but reported that 
both methods gave similar pictures of the dataset with subtle differences in the 
number of particles allocated to each group. 
The data presented in this chapter have been compared with classification using the 
ART-2a clustering algorithm. Figure 4.38 shows the influence of the clustering 
algorithm on class abundance. Little difference is observed in the large particle 
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groupings but a much larger difference is seen when investigating the small sub-
particle types. For example Dall'Osto et aI.(2005) reported on a Mg-rich particle 
type that was not detected by the K-means. 
The K-means algorithm was capable of processing a very large amount of data 
(191,504) and provided a picture of the different types of particles present in the 
dataset. It is still necessary to examine individual particles and look at the 
associations of different chemical species with certain particle types or sizes in order 
to get a complete picture of the dataset. Although the K-means algorithm can pick up 
differences in particle composition it does not often see subtle changes within the 
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Figure 4.38 Bar chart illustrating the influence of clustering algorithm on class 
abundance 
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Chapter 5 Single particle detection efficiencies 
of the ATOFMS instrument during NAMBLEX 
5.1. Introduction 
The ATOFMS instrument measures the size and composition of single particles in 
near real-time. However, the ATOFMS data do not provide direct quantitative 
information on aerosol composition. The analysis of ATOFMS data to determine 
quantitative aerosol composition presents some challenges. Firstly the inlet of the 
ATOFMS demonstrates bias towards particles in the size range 0.5 - 1.8 Jim. This 
means that although the ATOFMS is capable of accurately sizing  particles from 0.3 - 
3 .Lm, it does not demonstrate 100% transmission efficiency over this size range. 
Secondly the DI laser demonstrates large fluctuations in laser energy from one laser 
pulse to the next which limits the ability to acquire reproducible spectra and hence 
the ability to deduce quantitative measurements. 
Chemical quantification of single particles detected using single particle mass 
spectrometry has been an elusive goal for some time. The laser ablation/ionisation 
process used in the ATOFMS preferentially detects certain chemical species over 
others. The wavelength of the laser employed in the ATOFMS instrument is 266 rim. 
Certain chemical species absorb very strongly at the wavelength while others do not 
as already discussed in Chapter 3. 
In the present work, the ATOFMS data are compared with aerosol mass 
concentration measurements taken with a MOI.JDI instrument and aerosol number 
concentration measurements made by an APS instrument. All instruments were 
sampling simultaneously during the NAMBLEX campaign at Mace Head (Chapter 
4). The ATOFMS and APS were sampling continuously from the 1 2l  August 
2002 whereas the MOUDI was only operating from the 12th 21st August 2002. Only 
comparisons in the overlapping sampling periods can be made. Full details of the 
NAMBLEX campaign can be found in Chapter 4. MOUDI and APS data are 
particularly useful for the calibration of ATOFMS response because both the 
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impactors and ATOFMS 'instruments segregate particles based on their aerodynamic 
diameters and operate over an overlapping aerodynamic size range, 0.32 - 3 p.m 
(Chapter 1). 
The ATOFMS instrument currently does not provide quantitative information on 
aerosol composition. Quantitative measurements are needed to better understand the 
sources, transformations, and fate of ambient particles, as well as the effects of 
particulate matter on global climate, human health and regional visibility. 
5.1.1. Related studies 
Significant advances have been made towards characterising the transmission 
efficiencies and chemical sensitivities of the ATOFMS instrument. Allen el al. 
(2000) developed the first number scaling factor that could be applied to the 
ATOFMS instrument to obtain true atmospheric number concentrations. The 
ATOFMS instrument was operated along side an OPC and an inertial impactor. As 
the OPC measures particle size from light scattering intensity it was necessary to use 
an aerosol calibration to relate the scattering intensity to aerodynamic diameter 
(Hering & McMurry, 1991). Converting from one measure of size to another 
typically involves significant uncertainty (McMuny, 2000). Calibration functions 
were developed and applied to the ATOFMS data to yield continuous aerosol mass 
concentration as a function of particle size. 
In another study, ATOFMS data were compared to size resolved particle counts with 
a laser particle counter (Wenzel et a!, 2003). A scaling factor similar to the one 
reported in Allen et al. (2000) was described. It was noted that a strong chemical bias 
existed in the data Previous scaling factors ignored any chemical bias present and 
made assumptions that particle losses were only due to transmission losses and 
optical detection. A second scaling factor was described where, through the use of 
semi-continuous particulate measurements, it was possible to account for a missed 
particle composition (Wenzel et a!, 2003). 
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A study describing a scaling factor employing both APS and ATOFMS instruments 
has been described by Moffet el al. (2004). Hourly scaling factors were calculated 
for particles in the size range of 0.6— 5 .tm in diameter. 
Determining instrument sensitivities to different chemical species has been difficult 
using LDI. To date, most efforts to determine instrument sensitivities to different 
chemical species have been based on particles generated in laboratory environments. 
These laboratory-generated particles are typically monodisperse, spherical, and have 
nominally identical chemical compositions. Mansoon et al. (1994) used LDI mass 
spectrometry to measure micrometer sized glycerol droplets containing dissolved 
inorganic salts (Fe 3 , Nat. Cl, NO3 & S042 ). The peak areas of ions in the mass 
spectra allowed cation and anion concentrations in solution to be delivered. Linear 
calibration plots over 2 orders of magnitude were reported (Mansoori eta!, 1994). In 
another study LDI characteristics of single ultrafine multicomponent aerosols were 
investigated. A model quantifying the relationship between ion yield and particle 
composition using reference compounds was described. Gross et al. (2000a) 
investigated relative sensitivity factors for a series of alkali halide ions. Particles 
generated from solutions containing a mixture of two different alkali halides were 
delivered to the ATOFMS instrument. A series of relative sensitivity factors (RSF) 
were developed for each alkali cation. Although these RSF and other data from the 
previous studies have been used to better understand the relative quantities of 
different alkali species present in particles analysed by LDI it is not yet possible to 
apply these techniques in field experiments because atmospheric aerosols are far 
more complex than laboratory-generated aerosols. 
Studies where ambient data have been correlated with reference samplers have been 
reported by Liu et al. (2000) and Fergenson et al. (2001). Liu et al. (2000) developed 
quantitative scaling factors for NH 3 and NO3 . The number of nitrate containing 
particles detected by an ATOFMS instrument was compared with collocated NO 3 
mass concentration measurements taken by an automated nitrate monitor at 10 
minute sampling intervals. It was reported that the number of nitrate-containing 
particles detected by ATOFMS exhibited a linear correlation with automated nitrate 
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monitor measurements throughout the 53 h sampling event at Riverside, CA, 
demonstrating the ability of an ATOFMS instrument to track atmospheric NO 3 
concentrations based on the presence of a specific chemical marker in the single 
particle mass spectra 
Fergenson et al. (2001) applied a multivariate calibration technique to compare 
ATOFMS data with collocated impactor measurements of 44 different aerosol-phase 
chemical species. The ATOFMS data were grouped into a large number of clusters 
which were compared with impactor mass measurements by a partial-least squares 
algorithm that related the cluster mass to atmospheric concentration. Agreement of 
83% provides evidence that ATOFMS data can potentially yield quantitative 
measurements. 
These studies demonstrated the potential for the ATOFMS instrument to yield 
quantitative measurements on ambient data but both compared bulk measurements of 
atmospheric aerosol. In another study ion signal intensity from single particles was 
compared with bulk quantitative measurements of atmospheric aerosol chemical 
composition (Bhave et a!, 2002). The advantage of using ion signal intensities is that 
instrumental sensitivities can be deduced from atmospheric aerosol data 
In this work chemically speciated size-resolved aerosol composition data from 
impactor measurements were used to develop quantitative scaling methods using a 
MOIIDI to obtain real-time mass measurements from the ATOFMS instrument. 
5.1.2. Objectives 
In the present work, a quantitative comparison of ATOFMS and reference sampler 
data was used to determine ATOFMS inlet transmission efficiencies as well as 
ATOFMS chemical sensitivities to Na 4 , K 4 and Cl - during NAMBLEX and possibly 
for other studies. The results obtained for the transmission efficiencies are based on 
21 days of sampling and the chemical sensitivities are calculated for I h time 
intervals over 8 days. 
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5.2. Instruments used 
5.2.1. ATOFMS 
The ATOFMS instrument has been explained in detail in Chapter 2. The raw data 
used in this section were acquired by the ATOFMS instrument during NAMBLEX. 
The instrumental set-up along with the analysis of the detected particulate matter is 
explained in full in Chapter 4. The data for particles hit by the ablation laser and for 
those that were missed by the ablation laser were used to develop the scaling factor. 
The particle size information and mass spectral area measurements of the ion signals 
were used to develop the quantitative chemical scaling factor. 
5.2.2. APS 
The APS (Model 3320, TSI Inc. St. Paul, MN) measures particle size distributions 
from 0.5 pm to 20 pm (52 channels) by determining the time-of-flight of individual 
particles in an accelerating flow field. Significant counting efficiency problems in the 
Model 3320 have been reported (Stein et a!, 2002; Armendariz et a!, 2003). The 
newer model (3321) resolves issues identified with the earlier TSI APS (Armendariz 
et a!, 2003; Stein et a!, 2002). During this study corrected data from the model 3320 
were used (Cebumis et a!, 2004b). APS number distribution were converted into a 
mass distribution and compared with a MOUDI deployed over the same period (1 't-  
21 August 2002) in the same location (Mace Head) and a calibration curve was 
derived. The correction was < 30% for all particles of Da > 0.8 pm. Figure 5.1 shows 
the scaling graph that was used to correct the APS data. 
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Figure 5. 1. Calculated scaling efficiencies for the APS 3320 instrument plotted 
as a function of particle diameter (Ceburnis eta!, 2004b) 
5.2.3. MOUDI 
A type 110 MOUDI (MSP Corporation, Minneapolis, Minnesota, USA) was used to 
collect particles in ten size fractions. The 50% cut-points for the particle 
aerodynamic diameter (pm) are as follow: 18, 9.9, 6.2, 3.1, 1.8, 1.0, 0.55, 0325, 
0.175, 0.099, 0.054 (Marple et al, 1991). The pump used to supply the sampling flow 
rate (25.5 1 min) was a (last twin piston pump. The 50% cut-off parameters were 
adjusted according to the actual flow rates employed. The fractionated particles at 
every MOUDI stage were collected on Teflon filters which were previously treated 
with silicone grease to avoid particle bounce. 
The MOUDI was placed on the top of the tower at Mace Head (Chapter 4) and its 
inlet was positioned under a simple plastic shelter to protect it from ram while 
allowing free ventilation. The size-segregated particle ensembles of each impaction 
substrate were analysed by the same procedure described by Huang et al. (2004a) 
and Allen el al. (2000). Ion chromatography was performed for sodium (Na'), 
potassium (K), calcium (C2), magnesium (Mg), chloride (C1), 
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methanesul phonate (CH3SO3 ), sulphate (SO4  2-)and nitrate (NO 3 ). Ammonium 
(NH4 ') was analysed by using  a flow injection fluorescence technique. Sampling 
time was 24 hours every day between 12-21/08/02. 
5.3. Number and chemical scaling of the ATOFMS response. 
5.3.1. Busy time 
The ATOFMS instrument is unable to acquire new data while it is saving the data 
from a detected particle. The time required to save information on a particle is 
termed busy time and increases nonlinearly with ambient particle concentration. 
Prior work has demonstrated the importance of ATOFMS instrument busy time 
(Bhave et a!, 2002). During the time that the ATOFMS instrument processes and 
saves data on the size and composition of detected particles, the ATOFMS 
instrument electronic system is busy and cannot detect new particles. Instrument 
busy time alters ATOFMS instrument response so that changes in ambient particle 
concentration are not linearly propagated to the ATOFMS data- 
Allen et al. (2000) discussed laboratory experiments that estimated the factors which 
affect ATOFMS busy time. In these experiments, hit and miss particle events were 
simulated electronically and the maximum rate of simulated event acquisition was 
measured. ATOFMS instrument busy times for missed particles were reported to be 
constant. Hit particle busy times were longer than missed particle busy times and 
these times increased with the number of mass spectra saved in a computer file 
directory. Busy time can be calculated using Equation 5.1; 
Busy time = A MissCount ± B HitCount ± C HitCount AvgFolderPos 	(5.1) 
In the previous quantitative analysis of ATOFMS data (Allen et a!, 2000; Bhave et 
al, 2002) the raw data were corrected for busy time. ATOFMS particle counts for 
each hour were multiplied by a scaling factor to account for sampling time lost to 
instrument busy time and off-line time. 
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Although busy time is an important factor it was not taken into account during this 
study. It was chosen not to correct for busy time as there was not an accurate 
measure of the time required to save hit and missed particles for the commercial 
ATOFMS instrument and scaling of the ATOFMS instrument with the APS would 
take into account all particles not detected by the ATOFMS instrument including 
those missed due to busy time. 
5.3.2. Size detection efficiency of the ATOFMS instrument 
Although the ATOFMS instrument is capable of transmitting and detecting particles 
in the range of 0.3 - 3 p.m the inlet preferentially focuses particles with diameters 
between 0.5 ,.Lm and 1.8 p.m with the highest efficiency. 
The transmission efficiency of the particles through a supersonic expansion, defined 
as the fraction of the particles that is focused into the particle beam downstream of 
the expansion nozzle, has been both measured and modelled (Dahneke & Cheng, 
1979). Maximum transmission efficiencies were observed for the particle sizes for 
which the nozzle has been designed and a sharp decrease in transmission efficiency 
for larger and smaller particles. 
Nozzle transmission efficiency is only one of several factors that contribute to the 
probability that a particular atmospheric particle will be detected, other factors 
include the probability that the particle will be detected by the timing lasers that 
measure its velocity (hence size) and the probability that the particle will be 
successfully hit by the DI laser. 
Accurate sizing is necessary in order to scale data into atmospherically representative 
concentrations. The ATOFMS obtains precise information on aerodynamic size 
using particle time-of-flight measurements. These precise size measurements allows 
the raw ATOFMS particle counts for different particle types detected to be scaled up 




In this section the data acquired by an APS instrument were compared to the raw 
ATOFMS particle counts, using I h temporal resolutions. The typical procedure 
involves dividing the ATOFMS particle counts occurring in each size and time bin 
by the APS counts into the corresponding size bins to produce the necessary scaling 
factors to match the raw ATOFMS counts to the APS data In previous work where 
the transmission efficiency of an ATOFMS inlet was investigated assumptions were 
made when using the scaling procedure that all particle compositions are hit with 
equal efficiency, and that only instrumental bias are transmission losses and optical 
detection biases based on particle size. In this work two scaling factors were 
developed, the first was developed using the hit particles sampled by the ATOFMS 
and the assumption was made that all particle types were hit with the same 
efficiency. The second scaling factor was based on the total particles detected by the 
ATOFMS instrument (hit and miss). The second scaling factor was used to describe 
the inlet transmission efficiency and did not make any assumptions on particle 
composition. The effect of particle composition was later corrected for using the hit 
rate (Particles hit by the ATOFMS DI laser/Total particles sized by the ATOFMS 
CW sizing lasers). 
Incorrectly-sized particles are occasionally recorded by the ATOFMS instrument. 
This is sometimes due to coincident particles in the sizing chamber. In this case one 
particle scatters light from the first timing laser, and a different particle, travelling 
faster, scatters light from the second timing laser. The measured velocity in this case 
is greater than the original particle's actual velocity. As a result, the DI laser is fired 
too early, and a mass spectrum is not acquired for the particle. Therefore, although 
many correctly sized particles are not hit, hit particles are very unlikely to have been 
incorrectly sized. 
For all data used in this study, scaling factors were obtained using hourly APS mass 
concentration data The APS data measured particle number concentration in 52 size 
bins (0.542 .tm to 20 .im) in five minute integrals. The ATOFMS efficiency was 
calculated in the range 0.523 to 2.943 pin using corrected APS data This involved 
merging the APS data into 8 size ranges from an initial 24 bins. The 8 size ranges 
were: 0.523 to 0.649 pm, 0.649 to 0.806 pm, 0.806 to 1.00 pm, 1.00 to 1.241 pm, 
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1.241 to 1.54 pm, 1.54 to 1.911 j.tm, 1.911 to 2.207 pm and 2.207 to 2.943 urn. The 
size bins were combined in order to obtain a statistically significant ATOFMS 
number count for each size bin. It was necessary that at least 10 particles be detected 
in each size bin I h in order to be recorded. Lower numbers caused spurious 
variations in the scaling factor. The values used here represent hourly average 
concentrations. 
5.3.2.1. Scaling factor 1 (Hit particles) 
Initially, in order to obtain atmospherica11y-representative ATOFMS number 
concentrations for the different particle types, the scaling factors for each of the 60- 
min periods were calculated using the assumption that the only sampling biases were 
due to transmission losses and optical detection. This is an important assumption 
because it does not allow for any potential particle composition bias. 
The total number of particles for which a mass spectrum was obtained by the 
ATOFMS system was counted and subdivided into APS size bins in 60-min intervals 
(FllTAToIs). The number of particle hits in each size bin during the 60-mi interval 
was converted to particles / cm 3 (using the measured ATOFMS flow rate of 0.85 1 / 
mm) and compared directly with the corresponding APS value of particles / cm 3 
()VAPS). A scaling factor (q) (Equation 5.2) was obtained that allows the true ambient 
particle concentrations to be obtained when multiplied by the raw ATOFMS number 
count. The value q can be thought of as the inverse of the ATOFMS transmission 
efficiency. 
0—  NAPS 	 (5.2) 
HITATOFMS  
The resulting scaling factors obtained by comparing the ATOFMS to the APS are 
shown in Figure 5.2 as a function of particle size and sampling time. Values for the 
scaling factor show a strong dependence on particle diameter; as particle size is 
reduced, a smaller fraction of the particles actually present in the atmosphere is 
detected. The scaling factors increase for particles with smaller diameters. Figure 5.2 
shows the higher scaling factors required for particles in the smaller size bins than in 
the coarser size bins. Also of note are the different temporal variations of scaling 
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factors observed for each of the size bins. Scaling factors during the 15th  August 
2002 were mainly concentrated in the sub-micron size fraction. This reflects the 
particle composition that was detected during this period. High number 
concentrations of fine sub-micron carbonaceous particles were detected (Chapter 4). 
After 5th  August the air masses were arriving predominantly from the Atlantic and 
bringing with them high numbers of coarse mechanically-derived sea-salt and dust. 
For this reason scaling factors during this period only become significant in the 
coarser size ranges. 
The average hit rate during NAMBLEX was 19% but varied from 13% to 62% 
during the sampling period of 21 days. Often differences of 3% to 42% were 
recorded over 4 h sampling periods. In previous studies an average hit rate for all 
particle sizes of 25% is typical (Wenzel el al, 2003). The hit rate is strongly 
dependent on particle composition. Variations that were apparent in the hit rate 
observed during sampling are reflected in the scaling factors (Figure 5.3). 
Similarities are shown between the hit rate and the scaling factor. The fact that the 
ATOFMS still detects and sizes the "missed" particles by light scattering is critical to 
knowing when the chemical bias is present and being able to accurately account for 
It. 
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Figure 5.2. Scaling factors necessary to scale ATOFMS particle concentrations 
to APS number concentrations. Data shown span the entire NAMBLEX period 
of 21 days in one hour time bins subdivided to match APC size bins (a)-(h). 
Increases in the scaling factor (and decreases in the hit rate) are observed on the 
15/8/02 and 17/8/02. These periods were characterised by higher numbers of pure 
Cd 
En 





NaCl particles. It is known from Chapter 3 that pure alkali salt particles do not 
absorb energy at 266 nm due there their large band gap. 
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Figure 5.3. Hit rate for the ATOFMS sampling period Vt2Ist  August 2002 and 
the corresponding scaling factor calculated using collocated APS data. 
Figure 5.4 (a) shows the scaling factor plotted against aerodynamic diameter. The 
plots of .b against Da show that 0, in the size range of 0.3 to 3 tm is strongly 
dependent on particle diameter. Allen et al. (2000) plotted b against Da for diameters 
between 0.56 j.tm and 1.8 jim and showed that q followed a power law relationship in 
Da according to Equation 5.3, 
~o 	 (5.3) 
where a and P are determined by nonlinear regression of APS number concentration 
data on ATOFMS particle data In this size range (0.56 - 1.8 pm) 0 obtained using 
the ATOFMS and APS data follow the same trend as reported by Allen et al. (2000) 
(Figure 5.4 (b)). Values quoted by Allen et al. (2000) for field experiments are 
compared to those from this work in Table 5.1. The a and 6 entities are the 
parameters in the power law fit. The value of a simply corresponds to the value of 
the scaling factor 0 for a particle of D0 = 1 jim and is an indication of the fraction of 
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particles not detected by the ATOFMS. The value of /3 is a measure of the strength of 
the dependence of the scaling factor on particle diameter; the greater the magnitude 
of 6 the greater the variation of 0 with Da. (If the scaling factor was independent of 
particle diameter then 6 would be zero). The magnitude of /3 reported in this work 
(Table 5.1) is smaller than that reported by Allen et al. (2000). It therefore appears 
that the ATOFMS used in this work has less of a change in particle detection 
efficiency for particles over the size range of 0.56 - 1.8 .Lm than the ATOFMS 
employed by Allen et al. (2000), i.e. the ATOFMS used in this work has a flatter 
spread in detection efficiencies. These differences can be attributed to the different 
instruments used in the two analyses, as well as may be the different particle 
composition sampled. 
a 	 /3 	Applicable range ofD a / junz 
Allen etaL (2000) f 2133 ± 501 	-5.5 ± 0.86 	 0.56-1.8 
This thesis 	I 1364±800 	-2.45±0.1 	 0.56-1.8 
Table 5.1. Parameter values fit to the scaling function 0= aD! 
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Figure 5.4. (a) Inverse particle transmission efficiency () versus aerodynamic 
diameter (Da) for the TSI 3800 ATOFMS instrument sampling ambient aerosol 
at Mace Head in August 2002 during NAMBLEX. Size range is (a) 052-2.94 Pm 
(non-linear scale) and (b) 0.52-1.91 p.m (linear scale). Error bars are 95% 
confidence intervals on the average scaling factor. 
The particle-phase chemical compositions of air parcels sampled during NAMBLEX 
changed according to their geographic origin. Using this information it is possible to 
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compare periods during NAMBLEX when a known air mass was arriving and 
compare this with the corresponding scaling factor. During 15th  August 2002 air 
masses were arriving from over the continent, the particle size distribution sampled 
during this period contained particles with diameters <1 Pm. The single particle mass 
spectra indicated that these particles contained a high percentage of carbonaceous 
material (17%) and the average hit rate was 35%. The scaling factors for this period 
represent a scaling factor that maybe applied to carbonaceous material. 
Later on during the campaign on 14th ,  15th & 17th the air masses were arriving from 
the Atlantic carrying super-micron marine particles. The hit rate for these days was 
particularly low at 9% and the single particle mass spectra showed that the particles 
consisted of alkali salt species. A scaling factor plotted during this period represents 
that for sea-salt species. 
The 6th and 13th  was characterised by a period where a large number of particles were 
detected containing dust, this is explained in detail in Chapter 4. The size distribution 
of these particles is broad and monomodal ranging from 0.3 to 3 tm. The hit rate for 
this period was on average 12%. The scaling factors for dust, sea-salt and 
carbonaceous material are plotted in Figure 5.5. Values for a and P were not 
calculated for these distributions as Figure 5.5 clearly demonstrates that the scaling 
factor does not follow a power law relationship in diameter. It is possible to separate 
the scaling factor into two separate scaling factors above and below 1.6 im. 
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Figure 5.5. Inverse particle transmission efficiency (4) versus aerodynamic 
diameter (Da) for particles with ion signals for carbon, dust and sea-salt. Size 
range is 0.5-2.9 p.m. 
Although this scaling factor corrects for the inlet efficiency of all particles resulting 
in a mass spectrum it also demonstrates that there is a strong chemical dependence 
within the ATOFMS instrument and that all particles are not detected with the same 
efficiency at the laser wavelength used (Figure 5.5). Scaling factor I therefore 
describes the ATOFMS sensitivity to different species but does not provide true 
information on the transmission efficiency of the ATOFMS inlet as it is affected by 
the ability of the Dl laser to produce a mass spectrum. In order to determine inlet 
transmission efficiencies a second scaling factor was developed using the total 
particles sampled 
5.3.2.2. Scaling factor 2 (Total particles) 
The number of hit particles and the number of missed particles in a given time and 
size bin were totalled (TOTALATOFMS). The total particles sized by the ATOFMS 
instrument during a 60-minute interval was converted to particle concentration and 
compared with the corresponding APS value (N js) as explained in section 5.3.2.1. 
Scaling factor 2(x) was calculated through Equation 5.4. 
- 	N,3 	 (5.4) 
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Scaling factor 2 (x) is plotted as a function of size and time for each size bin in 
Figure 5.6. Similar to Figure 5.2 the scaling factors are strongly dependent on 
particle diameter. This scaling factor calculated represents the inverse of the inlet 
transmission efficiency of the ATOFMS inlet as it scales up all particles which were 
detected by the ATOFMS instrument with no consideration of whether the particle 
absorbs the energy of the DI laser. Calculating the ATOFMS scaling factor using this 
method introduces some bias to the results as a lot of missed particles do not get 
sized accurately but a more correct measure of the inlet transmission efficiency for 
the ATOFMS instrument is obtained. Any chemical bias introduced by particles 
absorbing at the laser wavelength is then determined using the hit rate. 
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Figure 5.6. Scaling factors necessary to scale ATOFMS particle concentrations 
to APS number concentrations. Data shown span the entire NAMBLEX period 
of 21 days in one hour time bins subdivided to match APC size bins (a)-(h). 
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As shown previously in Figure 5.5 the scaling factor can be plotted for different 
particle compositions when calculated with the ATOFMS hit rate. Different scaling 
factors for different particle composition are not plotted using scaling factor 2 as it is 
only a measure of the inlet transmission efficiency and is not related to particle 
composition. Chapter 4 shows examples of scaled carbonaceous, sea-salt and dust 
size distributions. Figure 5.7 shows the scaling factor for particles with diameters in 
the range of 0.5 - 3 pm (a) and also for particles with diameters between 0.5 - 1.8 
jim (b). 
A comparison of the values for a and fJ for scaling factors I and 2 (SF1 and SF2) is 
shown in Table 5.2. The value of a is much smaller for SF2 than for SF 1, whereas 
the magnitude of fi is greater for SF2. The value for a is a general measure of the 
magnitude of the ability of the ATOFMS to transmit particles and since 
TOTALATOIMS (as used in SF2) is greater than HIT11ToJMS (as used in SF1) the value 
required to scale the ATOFMS data to APS data is smaller. The higher value off.? for 
SF2 (compared with its value for SF!) is similar to the value reported by Allen et al. 
(2000). The fact that fl has a negative value is as expected because the ATOFMS 
inlet is designed to see the particles with coarser diameters. However, the increase in 
the 6 value for SF2 compared with SF1 demonstrates that the ATOFMS detects 
relatively less fine particles than coarse particles when considering all particles that 
are sized (but not necessarily ablated) (SF2) compared with the relative ability to 
detect fine and coarse particles when considering only those particles that are 
desorbed (SF!). In other words, the ATOFMS is less efficient at ablating coarse 
particles than fine particles. The reason for this is straightforward because, in 
general, the coarse particles were composed of alkali salts which do not absorb at the 
laser wavelength used. Therefore, it can be concluded that SF2 provides more 
information on the particles transmitted by the ATOFMS instrument and is not 
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a 	P 	Applicable range of D. 1pm 
Scaling factor 1(b) 	1364 ± 800 -2.45 ± 0.1 	 0.56-1.8 
Scaling factor 2( X) 	347 + 100 	-4.5 ± 0.1 	 0.56-1.8 
Table 5.2. Parameter values fit to the scaling function 1 (99 and 2 (j) = aD? 
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Figure 5.7. (a) Inverse particle transmission efficiency (x) versus aerodynamic 
diameter (D a) for the TSI 3800 ATOFMS instrument sampling ambient aerosol 
at Mace Head in August 2002 during NAMBLEX. Size range is (a) 0.52-2.94 Jim 
(logarithmic scale) and (b) size range 0.52-1.91 jim (linear scale). Error bars are 
95% confidence intervals in the average scaling factor). 
Scaling factor 2 is plotted with the hit rate in Figure 5.8. Noticeable differences are 
observed between the scaling factor plotted in Figure 5.8 and that plotted in Figure 









5.3. The scaling factor does not anti-correlate with the hit rate as it does in Figure 5.3 
especially on the 15/08/02 and 17/08/02. Increases in the scaling factor are present in 
Figure 5.3 but it is now apparent that these episodes are due to a particle size/type 
that was not focused by the ATOFMS inlet rather than not ablated by the Dl laser. 
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Figure 5.8. Hit rate for the ATOFMS sampling period Ist21st  August 2002 and 
the corresponding scaling factor calculated using collocated APS data. 
5.3.3. Chemical quantification of ATOFMS single particle data 
The Nd:YAG laser used in the ATOFMS instrument has a Gaussian profile. If 
particles always intercept the laser at the same place it is likely that they will absorb 
similar amounts of energy. As this can't be guaranteed it is likely that each particle 
hit by the ablation laser gets variable quantities of incident energy which affects the 
ions being formed. 
A commonly cited limitation of the single-particle mass spectrometry instruments 
that employ LDI is that the chemical composition measurements are not quantitative. 
There are two main obstacles to quantitation. First, the ion signal intensities 
produced by the Dl laser of nominally identical particles vary greatly from pulse-to-
pulse primarily because of in-homogeneities in the DI laser beam. Pulse-to-pulse 
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variations in the laser energy and beam profile are substantial and inevitably cause 
large fluctuations in the ion yield. Secondly, instrument sensitivities to different 
aerosol-phase chemical species are largely unknown 
Pulse-to-pulse variations in the ion signal intensities can be mitigated by using very 
high laser irradiances but at the cost of molecular information. To retain molecular 
information, most single-particle mass spectrometry techniques use moderate laser 
irradiances (-. 107_108 W  CM-2).  Quantifying chemical composition of an ensemble of 
single particles may be possible if the mass spectra from a collection of nominally 
identical particles are obtained and averaged. The quantification of aerosol chemical 
composition from an ensemble of single-particle mass spectra requires knowledge of 
instrument sensitivities to each chemical species in the particle ensemble. Due to 
chemical specific differences in ionisation efficiency instrument sensitivities can 
vary dramatically from one chemical species to the next. 
Quantifying single particulate mailer from field-based data relies entirely on 
atmospheric measurements. Instrument sensitivities determined from a field-based 
approach would be directly applicable to ambient aerosol data and could potentially 
elucidate the relative influences of particle size, particle composition and 
meteorology on instrument sensitivities under ambient sampling conditions. 
ATOFMS chemical composition measurements are difficult to quantify, largely 
because the instrument sensitivities to different chemical species in mixed ambient 
aerosols are unknown In this section a field based approach for determining 
instrument sensitivities to Na. K and Cl - using collocated ATOFMS and impactor 
sampling is developed. ATOFMS measurements are compared with collocated 
MOUDI measurements taken at Mace Head. Galway during August 2002 as 
part of the NAM BLEX campaign (Chapter 4). 
A field-based approach to quantifying ATOFMS chemical composition is subject to 
three limitations. Firstly it is necessary that quantitative reference measurements of 
the chemical species of interest be taken in parallel with the single-particle 
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measurements. Secondly a field-based approach requires the collection of a much 
larger number of single particle mass spectra in order to have a statistically robust 
number of particles from the complex mixture of different particles in the 
atmosphere. The NAMBLEX campaign provided a good opportunity in that a very 
large number of particles were detected and there were only three main categories of 
chemical composition during the period that the impactor was operated. Thirdly, 
particle detection efficiencies of the single-particle instrument must be well 
characterised to ensure the success of a field-based approach. Unlike laboratory-
generated particles, atmospheric aerosols are distributed by size, chemical 
composition, density and morphology, all of which can influence the particle 
detection efficiency of single-particle instruments. 
5.3.3.1. Aerosol Measurements 
The MOUDI impactor used in this study is described in Section 5.2.3. The MOUDI 
only operated from the 12th-20th of August 2002, so only ATOFMS data from this 
period could be used to develop chemical scaling factors. Although some nine ions 
were analysed in the MOUDI samples, due to the predominance of marine air masses 
during the period of impactor sampling (Chapter 4), only the concentrations of 
sodiurri chloride and potassium were persistently high enough to provide a good 
comparison with the ATOFMS data (although the latter's concentrations were only 
sufficiently high in the coarser particle size ranges). 
Stages 4 (0.61 to 1.1 l.xm). 5 (1.1 to 2.0 pm) and 6 (2.0 to 3.4 pm) were considered 
for the present analysis as particles collected on these three impactor stages span the 
overlapping aerodynamic size range of the ATOFMS instrument and the impactor. 
Data collected from the chemical analysis of 27 impaction substrates (9 days x 3 Da 
ranges) are used in this work. It should be noted that the finest particle size range 
contained much less alkali halide aerosol than the two larger particle size ranges 
(Chapter 1 & 4) so there are less data for the comparison. (Stage 4 data were 
excluded altogether for the potassium comparison). 
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5.3.3.2. ATOFMS data treatment 
The measurements which best represent ATOFMS instrument response to Na t , K 
and Cl - must be selected before the ATOFMS and MOUDI measurements can be 
compared. The ATOFMS instrument must also be corrected for its inlet transmission 
bias as well as the different sensitivities of certain chemical species to the Dl laser. 
To compare ATOFMS data with quantitative measurements of Na, K and Cl. a 
measure of the ATOFMS response must be precisely defined. Ion signals indicating 
the presence of Na*,  K and Cl- are most often detected at m/z of 23 = 39 and -35 
respectively. Ion signals for CY at mz -35 can also be attributed to other chemical 
compounds such as some organic clusters (Silva & Prather, 2000) but since the 
chemical composition of particles detected during this period is predominantly 
marine based it is unlikely that there should be interference at this mz ratio. 
There are several measures of ion signal available in the ATOFMS output data. 
Absolute and relative areas are the most appropriate for quantification of mass 
spectrometry data Gross el al. (2000a) demonstrated how shot-to-shot variations 
caused the absolute areas of specific ion signals to vary by an average of 59% while 
the relative area of the same ion signals only varied by 16%. This would suggest that 
It is better to use relative area for quantification of ATOFMS data. However it has 
been shown that when sampling a polydisperse multicomponent aerosol, such as that 
found in an urban atmosphere, relative area measurements can be affected greatly by 
the presence of additional chemical species in the particle. For example, the relative 
area of an ion signal at miz 18 produced from ablation/ionisation of a pure N1-1 4NO3 
particle will be larger than the relative area at m/-- 18 measured from an identical 
particle that also contains a trace amount of potassium, because potassium is 
efficiently ionised and will therefore increase the total area of the mass spectrum. For 
this reason it was decided to use absolute area as a measure of the ATOFMS 
response to Na. K and Cl - as it is less affected by the total ion signal in the mass 
spectrum. The instrument response to Na. K and Cl - will be referred to as Respr , 
ReSpK and Resp('l. 
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A problem can arise from the high sensitivity of the ATOFMS to these chemical 
species resulting in an ion signal at the relevant diagnostic m/z value (23 ± 0.5. -35 ± 
0.5 and 39 ± 0.5 Dahons for Na'. Cl - and K, respectively) exceeding the dynamic 
range of the data acquisition board. Only peak areas with peak height of less than 
250 units were considered in order to avoid saturated signals and the peak clipping 
phenomenon. About 18% of the sodium containing particles used in the quantitative 
comparison to the MOUDI data exceeded the dynamic range of the data acquisition 
board, a greater proportion than in the work of Bhave et al. (2002). However, the 
correlation between the saturated and the non-saturated peaks was very high (r 2 > 
0.9) and therefore it is considered likely that the integrated signal from the peaks of 
less than 250 units would be proportional to the total signal. The results therefore 
should not be regarded as absolute. 
Correction for particle detection efficiencies was carried out using scaling factor 2 as 
described in Section 5.3.2.2. After the raw ATOFMS data had been scaled up to 
atmospherically relevant number concentrations, the scaled single particle data were 
multiplied by the ATOFMS response (Resp (absolute area)) to the chemical species 
(k) in each individual particle (I),  y.,,Resp/k. The value for X,Respfk  for each chemical 
species (k) was then normalised for hit rate (HR). Using this method it was possible 
to correct for both the inlet transmission efficiency as well as the chemical sensitivity 
of the laser. 
5.3.3.3. ATOFMS-MOUDI data comparison 
The main purpose of this comparison is to determine ATOFMS instrument 
sensitivities to Na. K' and Cl - under ambient sampling conditions. Instrument 
sensitivity can be defined as the ion signal intensity per unit mass of a chemical 
species. averaged over a particle ensemble. In this section, large ensembles of single-
particle ATOFMS data were compared with collocated MOUDI measurements of 
Na = K' and CF. The ATOFMS spectra recorded were segregated into  three 
aerodynamic diameter intervals, i 0.61-1.1 gm, 1.1-2.0 m and 2.0-3.4 tim. This size 
segregation ields 24 ensembles of ATOFMS spectra per chemical species which can 
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be compared with corresponding impactor measurements, m 1, for that chemical 





where V is the volumetric flow rate of the ATOFMS instrument which remained 
constant throughout the campaign, e is the residual to be minimised in subsequent 
regression, and the ATOFMS inverse sensitivity function to each chemical species, 
V1j , is expressed in terms of aerodynamic diameter by Equation 5.7 (see later). 
Figure 5.9 shows the average ion signal per hit particle for Na', binned by particle 
size range for days dominated by sea salt. The observation from the distribution of 
symbols is the same amount of material is ablated/ionized from the particles 
regardless of the particle size. This also means that no additional variation in 
ATOFMS ion signal was introduced by the LDI process for these particles. 
Figure 5.9. Average ATOFMS ion signal per hit particle per day in each size 
range, plotted against the MOtJDI concentration (tg m 3) for that size range 
and day for Na. 
The invariance in average ion signal with particle size also implies that there is a 
particle size dependence in the quantitative relationship between ATOFMS signal 
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and chemical content of the particle. i.e., the ATOFMS ablates a larger fraction of a 
smaller particle than of a larger particle. Ge ci al. (1998) reported on similar 
observations with LDI-MS of single particles. A constant mass of ablated material 
equates to an inverse cubic dependence of fraction ablated material on particle 
diameter. This is demonstrated more clearly in Figure 5.10 which shows the sum 
(corrected for the hit rate of each chemical species, (HRk)), according to Equation 
5.6, of the measured ATOFMS signals for Na', Cl- and K for all particles in each of 
the size ranges for each day, plotted against the MOUDI-derived concentration. Prior 
to the summation, each particle's ion signal, Resp 1, was scaled according to the 
particle detection efficiency, j,,, described in Section 5.3.2.2. 
( JCEZJReSPJ 
JHR k 	 (5.6) 
'¼. 
(V is the volumetric flow rate of the ATOFMS instrument which remained constant 
throughout the campaign.- the label i refers to an ensemble of particles comprising 
one day and one particle size range). Thus, this procedure differs from that developed 
by Bhave ci al. (2002) in that the particle number scaling factor takes into account 
the variation in hit rate for particles of different composition. The data from each size 
range in Figure 5.10 each lie on approximately straight lines but of distinctly 
different gradients. This shows that the linear relationship between ion signal and 
concentration of chemical species is obtained when variation in particle hit rate with 
chemical composition is also included. 
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Figure 5.10. Total ATOFMS ion signal, scaled for inverse particle inlet efficiency and 
variation in hit rate with chemical composition, for all hit particles per day in each size 
range, plotted against the corresponding MOUDI concentration: (a) Na, (b) Cl -, (c) K. 
Error bars carried through from the inverse transmission efficiency function are 
plotted on the Cl - plot for illustration, and are similar for the other species. 
Uncertainties in MOtJDI data are not shown. 
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By continuing the analogy with the work of Bhave et at (2002) a function, ip, was 
derived accounting for the dependence of ion signal on particle size by fitting 
Equation 5.5 simultaneously to all data per chemical species in Figure 5. 10, 
1ØResp, ' + 	 (5.5) 
Pr 
where m,, is the impactor concentration for each ensemble of single particles, is the 
residual to be minimised in the regression, and the ATOFMS inverse sensitivity 
function to each chemical species, vj, is expressed in terms of aerodynamic diameter 
by Equation 5.7 in which yand öare species-dependent constants. 
yi = 	 (5.7) 
Figure 5.11 illustrates the best fits for (a) Na' - , (b) Cl- and (c) K according to 
Equation 5.5, where all the points lie as close to the solid line. If the points fall 
within the two dotted lines (2:1) the fit is said to be reasonably good. The regression 
for each chemical species Vields the species-dependent parameters S and y The y 
parameter represents the inverse of the sensitivity of the ATOFMS to the mass of a 
particular chemical species. The y values obtained here cannot be meaningfully 
compared with each other or to those of Bhave et at (2002) because different sub-
sets of particles were used for each species according to the extent of detector 
saturation ('peak clipping'). The 5 parameter is, however, a physically-meaningful 
quantity which shows the relative dependence of ATOFMS response to a particular 
species in different sized particles. Best-fit values of 6 and y for Na', Cl - and K are 
given in Table 5.2, together with values for NH 4 and NO3 reported by Bhave et at 
(2002). 
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Figure 5.11. Comparison of scaled ATOFMS (a) Na, (b) Cl and (c) K' mass 
measurements with corresponding impactor measurements. Diagonal dashed lines 
represent the 1:2, 1:1 and 2:1 lines of correspondence. Vertical error bars are 95% 
confidence intervals of the scaled ATOF'MS measurements. 
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Chemical species 
'1 
No of particle 
ensembles in the 
Sodium Na 2.7 ± 0.3 9 x 10 " ± 0.35 x 10.11 30 (This study) 
Chloride Cl— 2.6 ± 0.3 3.1 x 10-10  ± 0.25 x 10-" 30 (This study) 
Potassium K 2.7 ± 0.3 3.2 X 102 ± 0.1 x 1012 20 (This study) 
Ammonium NH 2.4 ± 0.4 2.5 x 10-10  ± 0.40 x 10 0 30 (Bhave eta!, 2002) 
Nitrate N0 2.4 ± 0.4 4.7 x 1010 ± 0.70 x 10b0 33 (Bhave eta!, 2002) 
Table 5.3. Best-fit values of Sand yin the ATOFMS inverse instrument 
sensitivity function w  determined as described in the text. 
The dependence of iy on diameter approximately to the power three is consistent 
with the interpretation of a uniform signal per particle (Figure 5.9), as in a given 
aerosol mass particle number decreases with diameter to the power one third. The 
values of S for Na', CY and K' thus support the interpretation of Bhave et al. (2002) 
of uniform ablation of NH 1 and NO-. 
The values for y are, in principle, a measure of the ionisation efficiency of each ion 
measured. Since, in this study, it was necessary to remove a number of saturated 
peaks which differed for each ion, the value cannot be used to represent a true value 
of the ions' ionisation efficiency. The values determined for Cl -, K and Na can be 
used to determine the relative sensitivity of the ATOFMS instrument to each of the 
ions by using the following equation 
 23 (!1')_. IC'- 
C1 - )35 yNa 
(5.8) 
where 23 and 35 are the molar masses of Na and Cl — respectively. RSF are defined 
on a molar basis and are used to correct for differences between instrument 
sensitivities to two chemical species. Using Equation 5.8 and the best-fit y  values 
listed in Table 5.3, the RSF of Na' versus Cl under Mace Head sampling conditions 
is 2.3, and the RSF of Na versus K' is 0.021. Gross etal. (2000a) reported relative 
sensitivity factors of KVNa' of 5.1:1 This implies that ATOFMS measurements of 
particles containing equal amounts of Cl - and Na should yield larger ion signals (x 
2.3) at mz 23 than at m/ -35 and that a particle containing equal amounts of K' and 
Na should yield large ion signals (x 21) at nvz 39 than at m 23. While the results 
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for NaF/Ct  are plausible those for Na'fK are slightly larger than expected. This is 
most likely due to the large number of saturated peaks removed from the total 
number of Na and K*  particles present. 
Illustrated in Figure 5.12 are three graphs containing scaled Na t , Cl- and K and mass 
measurements plotted with high time and size resolution. Although the values 
presented here are not absolute it is possible to illustrate that with a combination of 
laboratory and field measurements, as well as measurements from other 
instrumentation it may be possible to develop scaling factors that will allow true 
quantitative data to be acquired using an ATOFMS. 
161 
( i7,p!cr . 
(a) 
9-08-02 
JW—I 	 17-08-02 L -  4-08 -02 








1 2109-02 	Sampling tuine 
(c) 
- 
.4 	 11 	 1 	 1 	 11 





Figure 5.12. Mass distributions during NAMBLEX. The time series is based on 
scaled ATOFMS measurements for 4-h intervals from August 12th212002  for 
(a) Na, (b) Cl- and (c) K. 
I?I 
LT 
Applications and evaluation oj a single particle £ime-o/- iJi!?1nit (\ 	 162 
Chapter 5 
5.4. Conclusion 
In conclusion, by analysing a dataset of single particles consisting of distinct 
episodes of different particle composition type, it has been shown here that there is a 
strong particle compositional-effect for the particle hit rate efficiency but no 
significant additional composition-effect for the ablation and ionisation process once 
the desorption-ionisation energy couples to the individual particle. Ideally, the 
instrument sensitivities deduced from a field-based approach may be verified and 
further tested in laboratory experiments. 
The instrument sensitivity factors derived from tandem ATOFMS-impactor sampling 
can be used to reconstruct continuous ATOFMS measurements of size-segregated 
Na, K and Cl- concentrations during NAMBLEX 2002. It has been demonstrated 
that it is possible to obtain quantitative mass and size measurements from the 
ATOFMS but in order to demonstrate the applicability to other instruments 
laboratory work would have to be carried as well as more field studies with parallel 
ATOFMS and impactor sampling. 
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Chapter 6 Characterisation of ambient 
particles for human exposure studies 
6.1. Introduction 
Epidemiological and toxicological studies have consistently shown that elevated 
levels of particulate air pollution (quantities of PM10 and/or PM25) are associated 
with adverse health effects such as asthma and respiratory problems, as well as 
increased mortality not only from respiratory causes but also from cardiovascular 
disease (Pope, 1999; WHO, 2003). There is growing evidence that air pollution can 
precipitate acute cardiac events (Prescott et a!, 1998). It has been hypothesised that 
the smallest particles translocate from the lungs into the circulation therefore 
influencing cardiovascular endpoints more directly (Nemmar et a!, 2002; 
Oberdorster eta!, 2004). 
For this reason there has been increasing interest towards ultrafine (PM 01) and fine 
(PM15) particles. Toxicological studies involving different types of PM 0. 1 & PM15 
have revealed a wide range of adverse health effects, ranging from very high to mild 
acute pulmonary inflammatory responses to effects on extra-pulmonary organs such 
as the cardiovascular system (Donaldson et a!, 2002). Strong evidence is available 
suggesting that fine particles settle deep within the respiratory system (Dockery et a!, 
1993) and can undergo translocation from the respiratory tract to other organs 
including the brain. Oberdorster (2004) monitored the progress of carbon particles, 
with diameters of 35 nm, which had been inhaled by rats, were monitored and 
reported that these particles translocated to the brain. Similarly Nemmar et aL (2002) 
showed that ultrafine particles can pass through the lungs and enter blood circulation 
by taking measurements of the blood from volunteers who had inhaled radioactively 
labelled ultrafine carbon particles. 
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The two important challenges for researchers in this field are to establish both the 
physicochemical properties of the inhaled particles and the consequent biological 
mechanisms responsible for the different observed associations. Progress on the 
former requires better size and chemical characterisation of the ambient particles to 
which populations or cohort members are exposed, whilst progress on the latter 
requires experiments testing potential causal mechanisms either in vitro or, ideally, in 
vivo using model or genuine PM. A major criticism of most mechanistic studies is 
that the exposure route is artificial and the PM dose is very high- 
Alternative methods have been developed to determine the effect of particulate 
pollution on human health. These methods use specially designed exposure units 
which allow human/animal subjects to be exposed to concentrated ambient (or 
model) particles. The first unit designed was known as the Versatile Aerosol 
Concentration Enrichment System (VACES). The VACES was developed for use in 
experimental exposure studies to concentrate ambient particles by about 30 times 
without changing their physical properties (Sioutas et a!, 1995; 1997). Since the 
initial development of the particle concentrator several new models have been 
designed such as the Harvard Ambient Particle Concentrator (HAPC) (Lawrence et 
a!, 2004) and more recently particle concentrators that allow particles in different 
size ranges to be concentrated (ultrafine, fine and coarse) (Kim et al, 2001 a; 2001b). 
All instruments are based on the same operational principle (Section 6.2) and only 
differ slightly depending on the intended application. The concentrated ambient 
particles are known as CAPs. 
Devlin et al. (2003) exposed elderly humans to CAPs, with diameters less than 2.5 
jim, for 2 h with no exercise. They reported changes in heart rate variability (HRV) 
which was measured immediately before, immediately following and 24 h after 
exposure. Significant decreases in HRV were reported and these changes 
occasionally persisted for 24 h. The data from this study were compared to a similar 
one in which young healthy volunteers were exposed to CAPs but no change in HRV 
was reported. Other studies have been carried out on rats and mice. Chen et al. (Chen 
& Hwang, 2005; Chen & Nadziejko, 2005) carried out a study which investigated 
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many of the possible detrimental effects of CAPs on mice. During this study the 
VACES system was used to examine 32 mice at one time. Some of the results show 
the damaging effects, induced by the inhalation of CAPs, on cardiac functions and 
HRV (Chen & Hwang, 2005; Chen .& Nadziejko, 2005). Wellenius et aL (2003) 
reported on exposing mongrel canines to CAPs, using the HAPC. It was reported that 
under controlled laboratory conditions CAPs significantly exacerbate myocardial 
ischemia (reduced blood flow to the heart) during acute coronary artery occlusion- 
Particle concentrators provide a direct and controlled method of investigating the link 
between inhalation of particulate matter and health effects in humans and animals. 
Results can be obtained over a period of days rather than years and specific criteria 
are used to determine the health effects in each study. 
6.1.1. Evaluation of particle concentrators 
Several recent studies have employed the use of single particle mass spectrometers to 
determine if single particle chemical composition is affected by particle 
concentrators. Moffet et al. (2004) used an ATOFMS in conjunction with particle 
sizing instrumentation to determine the size, chemical composition and concentration 
enrichment of the HAPC. During this study the HAPC concentrated particles in the 
PM25..10 range. It was reported that no or little change in the composition of particle 
types were detected in the pre- and post-concentrated air flows. 
An AMS was used to investigate the effects of concentrating semi-volatile aerosols 
using water-condensation technology with the VACES. Slight changes in the size 
distribution of semi-volatile aerosols were observed. The shape of the size 
distribution for sulphate particles remained the same between upstream (US) and 
downstream (DS) sampling, but only remained similar during clean periods for 
organics, ammonium and nitrate. On polluted days the concentration of these 
compounds, especially the nitrate, increased (Khlystov et a!, 2005). 
Zhao et al. (2005) coupled the VACES with a RSMS-3 to investigate if the VACES 
induced changes in particle composition with diameters between 40— 640 nm. Small 
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differences in chemical composition were observed between samples with and 
without the VACES particle concentrator. The shift of 8-10% of the particles from 
one class to another was suggested to be due to changes in the composition of the 
ambient air rather than changes induced by the VACES particle concentrator. 
In this work an ATOFMS instrument was coupled with a Mobile Ambient Particle 
Concentrator Laboratory (MAPCEL) which contained the VACES, and will be 
referred to as MAPCEL-VACES. The effect of the particle concentrator on single 
particle composition with diameters between 0.3 and 3 pm was studied. 
6.1.2. Chemical characterisation of ambient aerosol during exposure 
studies 
Determining the size-segregated chemical composition of an aerosol is an important 
part of any human exposure study in order to correlate certain particle types with 
deleterious health effects. Ambient particle concentrators concentrate ambient 
particles which exhibit variability in both particle mass and composition This 
variability in particle mass and concentration makes it difficult to characterise them. 
Characterisation of concentrated particles for both human and animal exposures has 
been carried out using impactor instruments or by collecting particles onto Teflon 
filters (Sibutas eta!, 1995). 
The disadvantage with filter techniques, already discussed in Chapter 1, is that only 
information on the chemical species under investigation is provided and it is not 
possible to determine if there is internal or external mixing within the particles. 
Another disadvantage is the time between collection and analysis. Filters are usually 
stored in a cool place until analysis takes place sometimes up to a month after 
sampling. The loss of gaseous semi-volatile species is possible as well as chemical 
reactions taking place on the filter changing the chemical species collected before 
particle analysis takes place. In addition to the above points exposure studies are 
normally only conducted for 2 h which makes it difficult to acquire enough 
particulate mass on filters for analysis. 
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In this study, an ATOFMS was used to determine the chemical composition of the 
ambient aerosol during the first UK-based CAPs exposure study (Mills et a!, 2005a). 
The data from the ATOFMS were used to determine if certain particle types caused 
more of an effect than others and also to determine the chemical variability of 
ambient particles over short periods of time. 
The advantage of using the ATOFMS instrument over filter-based techniques is that 
the ATOFMS can obtain single particle information with high time resolution 
compared to bulk analysis techniques where particles are collected on a filter and 
have a wide range of particle size and composition. In some exposure studies 
(Wellenius et a!, 2003) particles were characterised by a plethora of instruments such 
as gravimetric determinations for particle mass, ion chromatography for sulphate, X-
ray fluorescence analysis for elemental composition, and thermal and optical 
reflectance analysis for elemental and organic carbon. The ATOFMS can provide 
information on a wide range of particle compositions with high time resolution and, 
with the presence of an adequate scaling function, provide semi-quantitative mass 
measurements. 
6.1.3. Outline of the exposure study 
The MAPCEL-VACES particle concentrator was brought to Edinburgh, UK where 
Mills et al. (2005a) designed a study to investigate the effect of particulate matter on 
human cardiac function. This is the first study undertaken where the health effects 
induced by the inhalation of CAPs on patients with ischemic heart disease has been 
assessed. 
Twelve male patients with stable ischemic heart disease and 12 age-matched non-
smoking volunteers were recruited. These individuals were exposed to CAPs in 
Edinburgh or filtered air during 2 hours of intermittent exercise using a randomised 
double-blinded cross-over study design (meaning that neither the patient or the 
doctor knew whether the patient was being exposed to filtered air or concentrated 
ambient particles and the exposures were randomnly assigned to filtered air or 
concentrated ambient exposure). A series of tests were carried out by Mills et al. 
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(2005a) to determine any adverse cardiac health effects. These tests were carried out 
immediately before, immediately following and 24 h after exposure. The hypothesis 
of this study was that exposure to CAPs causes systemic inflammation and 
detrimental vascular effects. Exposures were carried out over two fortnight sessions. 
The first was carried out on healthy age-matched individuals and the second was 
carried out on age-matched individuals who suffered from heart disease. 
Sampling was conducted outside the Royal Infirmary Hospital, an urban background 
site, outside of central Edinburgh (3.22° W 55.95 0 N) for two weeks during February 
2004. The ATOFMS and MAPCEL-VACES were situated in a public car park 
directly in front of Accident and Emergency (Figure 6.1). There was a bus route 
passing directly in front of the sampling area as well as an arterial route (Al) a few 
hundred metres away. 
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Figure 6.1. Location of CAPs exposure unit and ATOFMS during exposure and 
characterisation studies 
The primary reason for the sampling location was for safety as this was the first time 
a study had been carried out in the UK and the first time ever that a study had been 
carried out on human subjects with heart disease. If a major response occurred in the 
human subject it was possible to get appropriate help in a short time. Also as several 
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health tests had to be carried out immediately before and after exposure it was 
necessary to have access to relevant equipment (Mills et a!, 2005a). 
6.2. Experimental 
The particle concentrator is designed to concentrate ambient particulate matter, with 
particle diameters < 2.5 jim and deliver them to the exposure chamber at a flow rate 
of 50 LPM in order to fulfil human breathing requirements. A schematic diagram 
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Figure 6.2. Schematic diagram depicting the operation of the ambient particle 
concentrator used in this study. The dotted lines illustrate the sampling lines to 
the ATOFMS. The ATOFMS was switched between sampling lines for 40 
minutes each. 
The MAPCEL-VACES (Figure 6.2) operates at an intake flow rate of 500 LPM. 
Ambient particles are passed through a particle saturator which consists of deiomsed 
water and a heating bath. The heated vapour of the deiomsed water is mixed with the 
particulate matter, resulting in a saturated aerosol. The saturated aerosol enters into a 
condensation unit where the aerosol is cooled causing water to condense onto each 
particle. The size that a particle grows to depends on its original diameter. The 
outward flow from the condensation unit was 110 LPM. 
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There was no size selection inlet to remove coarser particles but this made little 
difference as particles >25 .Lm are largely deposited in the concentrator. The number 
concentration of particles with diameters < 2.5 tm is increased using virtual 
impactors. The minor flow of the virtual impactor contains the concentrated aerosol. 
The outward flow was 25 LPM from the virtual impactors. The concentrated fine 
particles were then passed through a number of silica gel dryers. These dryers 
removed the water condensed on the particles with the expectation that the particles 
returned to their original size (and composition). After flowing out of the drying 
stages, the concentrated particles were diluted with particle-free conditioning air (at a 
flow rate of 25 LPM) which was introduced around the concentrated airflow. This air 
was added to provide enough airflow for human subjects' breathing requirements. 
The outward airflow into the exposure unit was 50 LPM. The overall concentration 
factor of the aerosol, after dilution with the conditioning air, was in the range of 6-
11. 
The ATOFMS was housed inside a transit van; stainless steel tubing was attached to 
the inlet of the ATOFMS and exited through the rear door Of the van. Portable 
heaters were operated inside the van in order to maintain optimum working 
temperatures for the ATOFMS instrument (20-30 0C). The ATOFMS monitored the 
ambient air outside the concentrator van during the first part of the experiment where 
data on the chemical composition of the ambient air at the time of the human 
exposure were required. 
During the second part of the experiment the effect of the particle concentrator on the 
particle ensemble was investigated. The ATOFMS inlet was connected to the 
upstream and down-stream flows of the particle concentrator via copper tubing (1 cm 
i.d.), as shown in Figure 6.2. The connections to the upstream and downstream 
airflows alternated every 40 minutes of sampling. This allowed for a statistically-
relevant sample size to be collected for analysis. Figure 6.3 shows a photograph of 
the ATOFMS instrument housed inside the transit van with the copper tubing 
connected into the MAPCEL-VACES unit. 
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Figure 63. A photograph of the ATOFMS instrument sampling from the 
upstream/downstream air flows of the MAPCEL-VACES unit. 
The analysis of the individual particle mass spectra was carried out using a statistical 
package (MINITAB® Release 14.13.) employing a K-means algorithm which is a 
non-hierarchical clustering procedure. This algorithm has already been explained in 
detail in Chapter 4. Microsoft Access®2002 and Excel®2002 were also employed to 
examine trends in these data based on the results from the K-means algorithm 
Twenty clusters were chosen initially to classify the dataset using the K-means 
clustering. Although this resulted in a large number of the particle classes 
contributing <1% each of the total number of particles in the whole dataset, it 
allowed a sufficient amount of clusters to be created in order to describe the sampled 
aerosol. If any clusters appeared to be similar in mass spectral pattern, size 
distribution and temporal trend, the clusters were combined. All data were prepared 
in the same manner as in Chapter 4. 
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6.3. Results and Discussion 
Analysis of ambient particulate matter during exposure studies was carried out for 
eight days. The aim of the experiment was to characterise the chemical composition 
of atmospheric particulate matter during subject exposure and to use these data to 
correlate particle composition with detrimental effects, if any, in the subject as well 
as observing the temporal variation of particulate matter during short periods of time. 
Each exposure study was carried out for approximately two hours. The ATOFMS 
sampling was often carried out for 3 h depending on the weather conditions and how 
well the instrument was working on that particular day. The exposure days and times, 
together with mean weather conditions, are listed in Table 6.1. 










02/02/04 7:51:28 - 12:00:32 7.6 228 4.5 81 
03/02/04 Problem with ATOFMS 13 207 10.5 82 
04/02/04 7:39:54— 10:31:07 9.1 230 6.3 78 
05/02/04 7:57:09— 10:31:09 10.6 234 8.5 70 
09/02/04 8:59:42 - 11:04:09 1.5 255 2.8 72 
10/02/04 7:46:12 — 10:53:01 8.7 250 9.7 85 
11/02/04 9:55:03-12:11:06 8.9 230 2.4 83 
12/02/04 7:44:37— 10:56:50 4.2 242 0.8 97 
17/02/04 10:53:37 - 12:54:57 5.5 280 1.5 75 
18/02/04 11:02:12-12:40:46 5.4 223 0.7 71 
Table 6.1. Dates, times and weather conditions** of human exposure to CAPS 
when the ATOMS was sampling 
6.3.1. Air mass back trajectories 
Air mass back plots were used in order to understand the source of the ambient 
aerosol detected. In this study, 5-day back plots with an Edinburgh arrival point of 
3.2°W, 55.9°N were computed for the sampling period and are shown in Figure 6.4. 
Weather information was supplied by the Edinburgh meteorological office situated at Edinburgh 
Gogarbank, Lat/Long: 55°56'N, 3°21'W, Altitude 57 m Weather conditions were recorded only for 
the sampling times shown. 
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NAME back mapstf were plotted for all air arriving within the boundary layer depth 
at the receptor between time intervals of 0700-1100 h on each day of sampling. The 
NAME model is explained in detail in Chapter 4 Section 4.3.1. The criteria used to 
classify each of the NAME back trajectories are explained in Table 6.1. 
From the back trajectories it can be assumed that the particles detected by the 
ATOFMS instrument are going  to be dominated by particles from a marine air source 
and consist mainly of sea-salt and other inorganic type particles. Any carbonaceous 
particles detected are more likely to originate from local sources. 
NA1V1E back plots were supplied by Mark Harrison at the MeL Office 
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Figure 6.4. Five-day back maps for air arriving in Edinburgh in the boundary 
layer for week I (2 5th  Feb 2004) and week 2 (9th - 121h Feb 2004) of 
sampling. The scale is a relative measure of the contribution of source regions. 
Back trajectories were classified according to the criteria in Table 6.2. 
Category Description of trajectory categories 
AT 	Trajectory spending most of 	5-day period crossing the Atlantic Ocean 
AR 	Trajectory spending most of 5-day period in the region 60-70°N and 
1 ON- I O°E, including those originating over or near Greenland 
Table 6.2. Criteria used to classify predominant source regions. 
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6.3.2. Chemical characterisation of ambient air during human CAPS 
exposures 
All of the particles detected by the ATOFMS were included in the same work sheet 
and a K-means analysis was carried out on all of the single particle mass spectra 
(18,732 particles). This allowed for the whole dataset to be considered for the same 
particle types and also allowed the change in the chemical composition to be viewed 
as a function of time. 
As mentioned in Section 6.2, 20 clusters were chosen for the analysis. It was possible 
to group these clusters into six large particle groupings containing sea-salt (mixed, 
pure and reacted), carbonaceous (elemental (EC) and secondary elemental) and dust 
(Al/Fe/Ca) particles. A full description of each of the particle classes is shown in 
Table 4.3. A full description will be provided of any new particle classes that were 
identified in this study that were not previously explained in Chapter 4. 
Temporal trends of the proportion contribution of each particle class, grouped in 1 
hour time intervals, are shown in Figure 6.5. It can be seen that salt particles 
dominate the total number of particles detected with a total contribution of 90%. 
Pure, mixed and aged sea-salt particles are present in the coarse size distribution as 
shown in Figure 6.6. Carbonaceous type particles contribute 4% of the particles 
sampled to the total particles detected and dominate the finer fraction of the total 
aerosol size distribution. Dust particles show abroad monomodal distribution and 
contribute a total of 6% to all particles detected. 
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Figure 6.5. Percentage contribution of the six main clusters present over time. 
The chemical composition of the particles remained relatively constant throughout 
the sampling period. Figure 6.5 shows that during the first week of sampling a high 
number of 'clean' marine particles were detected (except during 1100-1200 h on the 
05/02/04) whereas more carbonaceous material was detected during the second week 
of sampling particularly during 1100-1200 h on the 9/02/04 and all of the 12/02/04. 
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Figure 6.6. Size distributions of the six main particle types detected during 
CAPs exposures 
During the sampling period the aerosol detected in Edinburgh had a strong marine 
influence (Figure 6.4) explaining the dominance of sea-salt particles in the dataset. 
Examples of the most common laser desorption/iomsation mass spectra from an 
individual pure and mixed sea-salt particle are shown in Figure 6.7 and 6.8 
respectively. 12% of all particles detected contained pure sodium chloride. It is likely 
that these particles originated directly from the sea without undergoing any 
secondary processing. The pure salt particles were mainly distributed in the coarser 
aerosol fraction with diameters greater than 1.1 pm (Figure 6.6). 
Almost all of the peaks observed, in the mass spectra of the pure salt particles, are 
attributable to sodium chloride clusters. In the positive ion mass spectrum, peaks are 
present for Na (,n/ 23), NaO/K (nvz 39) and (NaCl)Na (m/z 81, 139, 197). In the 
negative ion mass spectrum, peaks are present for 01-f (m/z 17), Na (nvz 23), Cl 
(m/z 35), NaCI (m./z 58), (NaCl)CI (m./z 93, 151, 209) and (NaCI)Cl(H 20), (in/i 
111. 129). The presence of peaks for Na(1-l 20) (nv 41) and Na(H20)2 (m/z 59) 
were observed in several mass spectra along with some negative sodium chloride 
cluster peaks for (NaCI)Cl(H 20) (m -111) and (NaCl)Cl(H20)2 (nv -129). These 
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ion signals have also been detected during the NAMBLEX campaign carried out at 
Mace Head (Chapter 4) and also coincided with peaks at m/z 0 (m/z -16) and Off 
(m/z -17) which suggests that water is strongly associated with these particles. These 
peaks were detected in both the mixed and pure salt Additional ion signals for 
nitrate, NO (m/z -46), NO3 (m/z -62), (NaC1)NOj (m/z -104) and (NaC1)NO3 (m/z 
—120) were present in the negative ion mass spectra of those particles classified as 
mixed salt. Mixed salt particles contributed 51% to the total particle ensemble 
detected. Sea-salt aerosols can react with HNO3 to form nitrate and release hydrogen 
chloride to the gas phase (Harrison et a!, 1999; Harrison & Pio, 1983; Pakkanen, 
1996). 
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Figure 6.7. Positive and negative ion mass spectra from a 2.18 pm particle 
classified as pure sea-salt 
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Figure 6.8. Positive and negative ion mass spectra from a 1.70 pm particle 
classified as mixed sea-salt. 
27% of all particles detected were classified as reacted sea-salt. An example of a 
positive and negative ion mass spectrum resulting from reacted sea-salt particles is 
shown in Figure 6.9. These particles were identified as having signals for sodium in 
the positive ion mass spectrum and having no chloride species present in the positive 
or negative ion mass spectrum. During this study many of the particles that were 
classified as being reacted sea-salt contained little or no negative ion mass spectrum. 
When a negative ion mass spectrum was detected peaks for nitrate/sulphate species 
were detected in the negative ion mass spectra. It was classified as reacted sea-salt as 
the positive ion mass spectra contained strong signals for Na and NaO. It is 
possible that this lack of negative ion mass spectra could be due to a different particle 
type although it is more likely that it is a result of instrumental problems rather than a 
different particle type (Moffet et al, 2004). During a TSI workshop at the Leipzig 
EAC conference 2003 the University of California Riverside group suggested that 
the lack of negative ion mass spectra was related to high relative humidity. Since the 
relative humidity during these measurements was always above 70% it is not 
possible to accurately account for this problem 
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Figure 6.9. Positive and negative ion mass spectra from a 1.12 jnn particle 
classified as reacted sea-salt particle. 
The sea-salt aerosols were mainly distributed in the super-micron (>1 gm) size 
distribution. This is expected as airborne sea-salt particles are released to the 
atmosphere from spray formed by wave action in the surface layer of seawater 
(Odowd et a4 1997). 
The mixed or reacted sodium chloride particles can originate from two possible 
sources. Air masses were arriving from a westerly direction throughout the sampling 
period. Sea-salt particles travelling from the sea will have crossed over Glasgow and 
the centre belt of Scotland before reaching Edinburgh. It is possible for these 
particles to become mixed with secondary species such as SO 4  (MI  z -96) and NO3 
(m/z -62). The second possibility is road salt. As the sampling was carried out in 
early February there was transient snow and ice present and the roads were salted at 
least daily. The mixed salt particles detected could have resulted from the re-
suspension of gritting salt on the roads. A sample of road salt was taken into the 
laboratory and dissolved in deionised water and nebulised into the ATOFMS 
instrument The data were analysed using the K-means clustering algorithm and 
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almost 70% of the particles had ion signals for mixed sodium chloride particles, 20% 
of the particles were classified as dust, and the remaining 10% were pure sea-salt. 
The particles classified from the road salt mixture did not contain any ion signals 
specific to that mixture. 
6% of the total particles were classified as dust-containing particles. As mentioned 
previously, in Chapters 1 and 4, dust is a significant contributor to tropospheric 
particulate matter throughout the world and is the second largest primary particle 
source alter sea-salt. There have been several records of the transport of soil dust 
over long distances (Silva et a!, 2000; Dall'Osto et a!, 2004). These clusters 
contained positive ion signals for lithium, aluminium and calcium along with 
negative ion signals for sulphate and nitrate. An example of a positive and negative 
ion mass spectrum of a dust particle is shown in Figure 6.10. The size distribution of 
dust, particles, shown in Figure 6.6, is broad and monomodal ranging from 0.3 to 3 
p.m. The dust particles can be divided up into different sub groups of particles 
originating from different sources. The most common type of dust particle detected 
contained ion signals for aluminium and calcium and contributed 5.2% to all the 
particles sampled. Many of the dust particles contained ion signals for Na (m/z 23), 
K" (m/z 39), cr (nilz -35, -37) and OH (m/z -17) indicating that they were mixed 
with sea-salt. Similar observations were reported in Chapter 4. The second type of 
particle is the calcium containing particle contributing 0.66% to the total particles 
sampled. The least common type of dust particle contained Na'' (m/z 23), SJ  (m/z 
27), K'' (m/z 39) and Fe'' (m/z 54, 56) and contributed 0.12% to the total particles 
detected. Three isotopes of Mg, (m/z 24, 25 and 26) were often present in this 
particle mass spectrum. This combination of peaks have been reported to be more 
indicative of dust from sand sources, rather than soil (Silva et a!, 2000). It is possible 
that these particles are originating from a sand source most likely from the beaches 
along the Edinburgh coastline. In the sand-type and mixed dust particles, peaks for 
SO2 (m/z -64) and SOç(m/z  -80) dominate the mass spectra along with those of NO 
(m/z -46) and NO3 (m/z -62). From this analysis it was evident that nitrate peaks 
occur much more frequently in sand-type dust particles (61%) than the calcium-rich 
dust particles (39 1/o) which might suggest that these sand-type particles are a result of 
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long range transport. Li (m/z 7) was present in 16% of the particles classified as 
dust, and is likely to have originated from coal fly ash particles reacting with the dust 
particles. 
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Figure 6.10. Positive and negative ion mass spectra from a 2.22 pin particle 
classified as dust 
P02 and P03 (m/z -63 and -79 respectively) were present in both aluminium dust 
(13%) and calcium containing dusts (5%). Chloride signals were identified in 58% of 
the particles classified as dust. Both types of dust particles contained low amounts of 
carbonaceous material; 3% of the aluminium iron (sand particles) particles and 6.6% 
of the calcium type particles contained ion signals for carbonaceous material. As 
only small percentages of thetotal dust class was made up of only aluminium or only 
calcium they are shown as one dust grouping in Figures 6.5 and 6.6. 
Only 4% of the total particles detected contained carbonaceous ion signals, C, C3 
(m/z 12, 36 respectively). Carbonaceous aerosol is usually classified into two large 
categories of black or elemental carbon (Castro et a!, 1999) and organic carbon 
These particles were mainly detected during the second week of sampling from the 
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09/02104-12/02104. From Figure 64 it is observed that the source of all air masses 
was comparable and originated from the AT or AR regions. This information 
suggests that carbon particles sampled by the ATOFMS during these periods are 
from a local source rather than from long-range transport of air masses. Heal et al. 
(2005) reported that Black Smoke (BS) measurements taken in Edinburgh showed 
much less variation with air-mass source than PM 10 or PM25 , implying that urban BS 
is more dominated by local sources and less impacted by the air-mass origin than 
other components of PM10 . 
The highest proportions of carbonaceous particles were on the 12/02/04. On this day 
wind speeds and temperature were low at 0.8 in s and 4.2 °C, respectively. This 
implies a wintertime stagnation or inversion event and that local emissions are the 
most likely source of these carbonaceous particles 
Elemental carbon is a primary pollutant emitted directly during the incomplete 
combustion of fossil and contemporary biomass carbonaceous fuels; 1.5 % of the 
total particles detected were classified as elemental carbon. Figure 6.11 shows an 
example of a positive and negative ion mass spectrum containing ion signals for 
elemental carbon. 
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Figure 6.11. Positive and negative ion mass spectra from a 131 Jun particle 
classified as elemental carbon. 
Secondary EC was identified as having a strong negative ion mass spectrum 
dominated by sulphate ions and a positive ion mass spectrum containing signals for 
carbon. Secondary EC particles contributed 2.5 % to the total particles identified by 
the ATOFMS. From Figure 6.6 it is observed that the majority of the carbonaceous 
particles detected were in the sub-micrometer mode with very few of these particles 
having diameters greater than 1.3 JUfl 
An example of a positive and negative ion mass spectrum resulting from a secondary 
EC particle is shown in Figure 6.12. There are a lot of secondary species present on 
this type of particle and the negative ion mass spectrum is dominated by sulphate 
signals. This particle has an aerodynamic diameter of 0.59 pm and contains ion 
signals for lead at m/z 208. Lead is often used in metallurgical processes and could 
occur as impurities or additives in fuels used in industrial products. Diesel emissions, 
known to have high sulphur content, from the transit van (where the ATOFMS was 
operating) were measured for a short period during sampling. Similarities are seen 
between these diesel particles and the carbonaceous particles detected during the 
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ambient particle measurements. This suggests that some of the carbonaceous aerosol 
could be apportioned to diesel particles from the buses passing  outside the hospital. 
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Figure 6.12. Positive and negative ion mass spectra from a 0.59 pm secondary 
EC-type particle. 
6.3.3. Effect of CAPS on human health. 
The volunteers were unaffected by exposure to the Edinburgh CAPs or filtered air in 
either group. Another study was carried out by Mills et al. (2005b) in Sweden in 
April 2004, where volunteers were exposed to filtered diesel exhaust that was 
generated from an idling Volvo diesel engine (Volvo TD45, 4.5 L, 4 cylinders, 680 
rpm). Over 90% of the exhaust was shunted away and the remaining 10% was 
diluted with air and fed into the exposure chamber. The results showed that at levels 
encountered in an urban environment, inhalation of dilute diesel exhaust impairs 
vascular function in human subjects. However, as shown in this study using the 
ATOFMS, the equivalent mass of ambient particulate, low in combustion 
component, does not affect vascular function. It was suggested that the vascular 
effects are a result of the oxidative stress induced by diesel exhaust particles (Mills et 
a!, 2005b). These findings provide a potential mechanism that links combustion- 
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derived air pollution to the pathogenesis of atherothrombosis and acute myocardial 
infarction. The data have also demonstrated the importance of sampling particulate 
composition as well as particle size. 
6.3.4. Characterisation of concentrated ambient particles using the 
ATOFMS 
As the MAPCEL-VACES is designed to concentrate PM, vapour-phase semi-volatile 
species will not be concentrated along with the PM. It is possible that the particle 
chemical composition equilibrium will be disturbed during the concentration process 
leading to a chemical change in the aerosol. If particles are concentrated then the 
total particle surface area per unit volume of air has been increased which may give 
rise to different semi volatile gas-phase partitioning post-concentration compared to 
pre-concentration. In order to investigate if a change in particle composition is 
induced by the particle concentrator, single particle composition needs to be 
analysed. 
A study is described here in which particles in the upstream (non-concentrated 
ambient particles) and downstream (concentrated ambient particles) flows were 
analysed with the ATOFMS to determine if any chemical differences were induced 
by the concentration process. Since the particles are under vacuum for less than 1 ms 
in the ATOFMS, loss of semi volatile compounds is minimal, making the analysis of 
these species possible (Tobias eta!, 2000). 
The ATOFMS was connected to both the upstream and downstream air flows using 
copper tubing (i.d. 1 cm). The copper tubing attached to the inlet of the ATOFMS 
was passed through the floor of the CAPs unit. Inside the CAPs unit the copper 
tubing was switched between the upstream and downstream airflows (as illustrated in 
Figure 6.2). The characterisation sampling periods, used to determine whether or not 
the concentrator chemically altered the particles, were carried out on the 17/03/04 
11:02 - 12:40 GMT and 18/03/04 10:53 - 12:54 GMT. The copper tubing was 
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changed from the upstream to the downstream flows every 40 minutes to ensure a 
statistically-relevant sample size was collected for analysis. 
Important factors that need to be considered when sampling from the concentrator 
are the temperature and RH of the ambient air being introduced. In a similar study 
carried out at Chapel Hill, North Carolina, Moffet et al. (2004) observed that 
condensation events affected the results obtained and showed that there were 
consistent changes in size distributions for all particle classes examined. 
When a relatively warm and humid aerosol containing an ambient air sample is 
transferred into the concentrator at room temperature, there is a possibility for 
condensation to occur. The temperature at which condensation can occur is called the 
dew point temperature (Td). For all the exposures carried out in Edinburgh during 
February and March 2004 the temperature of the ambient air was below that of the 
temperature inside the exposure unit (Table 6.1). Therefore it is unlikely that any 
condensation events occurred during this study. 
Table 6.3 lists the concentrator efficiency factors (EF) in this study as a function of 
particle diameter between 0.2 and 3.2 J.Lm. The EF was essentially constant across the 
size range 0.2-2.6 l.un, with a decline for the largest particle sizes measured (although 
note that extremely few particles >2.5 I.tm passed through the apparatus), consistent 
with the data presented by Kim et al., (2001b). The MAPCEL-VACES is designed to 
concentrate particles with diameters <2.5 pm, but a few particles> 2.5 pm were 
detected. 
Study A Study  
D,. (pm) EF Da(LLm) EF 
0.20 - 0.79 6 0.20 - 0.79 5 
0.80-1.39 5 0.80-1.39 5 
1.40-1.99 5 1.40-1.99 4 
2.00-2.59 4 2.00-2.59 5 
2.60-3.39 2 2.60-3.39 2 
Table 63. Efficiency factors (EF) during first characterisation study A on the 
17/3/04 and for the second characterisation study B on the 1813/04. 
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Using the number distributions determined by the un-scaled ATOFMS raw counts it 
was possible to determine the fraction of particles that had sub- and super- micron 
diameters. The fractions of sub- and super-micron particles in the total particle 
number both before and after concentration are shown in Table 6.4. It is observed 
that the fraction of particles present in both sub and super-micron size fractions did 
not change due to the concentration process. Figure 6.13 shows the size distribution 
for both concentrated and non-concentrated particles. Those particles with diameters 
<1.5 jim experienced EF far greater than those particles with diameters >1.5 gm. 
Particles with diameters > 2.5 pm were not detected in high numbers by the 
ATOFMS although it is only common to detect high numbers of coarser particles 
(>2.5 jim) when the number concentration is high. It is known that the ATOFMS 
exhibits size detection biases due to the design of the inlet and a more detailed 
discussion of this is covered in Chapter 5 of this thesis. This bias means that although 
the numbers of sub-micron particles present in the atmosphere are far greater than the 
number of super-micron particles present they will not be efficiently focused by the 
ATOFMS inlet. No scaling of the ATOFMS-derived number concentration was 
attempted in this study, but this is not an issue since the concentration factor at a 
given particle size is as equally derived from a proportional measure of total particle 
number pre- and post-concentration Recent advances of ATOFMS instrumentation 
now mean that there is an aerodynamic inlet available for use in the ATOFMS to 
improve the sizing efficiency. This aerodynamic inlet system is designed to allow the 
detection of particles with diameters from 30 rim to 1000 nm (Su et a!, 2004). 














Table 6.4. Percentage of sub-micron and super-micron' particles detected during 
the 1 & 2 characterisation study 
The different modes of 1.2 jim and 1.5 jim in the particle size distributions during the 
first and second characterization studies, respectively (Figure 6.13), reflects a 
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difference in the chemical composition of the particles detected. Mixed and pure salt 
dominated the particle composition during the two sampling periods, but 
considerably more particles classified as dust and coarse carbonaceous aerosol were 
detected during the second characterisation study. This is also reflected in the 
number of particles that were detected on each consecutive day (Figure 6.13). As 
explained in Chapter 3 and Chapter 5 the ATOFMS does not detect sea-salt species 
with as high efficiency as carbonaceous material. 
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Figure 6.13. Unscaled size distribution produced by the ATOFMS instrument. 
Average of the two post concentrated data and total of the pre concentrated for 
the 17thl(a)  and 18tl(b)  of March 2004. 
The chemical composition during the characterisation studies differed from the first 
day of sampling (17/03/04) to the second day (18/03/04). In the super-micron size 
fraction sampled on the 18/03/04 a significant difference to the CAPs exposure study 
was demonstrated where organic carbon particles and dust made up a larger fraction 
of the particles sampled. 
800 
VLIiI1 
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Effect on composition 
Particles from all time intervals were classified together into 20 clusters using the K-
means algorithm. After examination of the individual mass spectra, size distribution 
and temporal trends, a number of particle classes were further combined, yielding a 
total of four categories of particle composition, which were subsequently subdivided 
into eight particle types: Sea-salt (Pure, Mixed and Reacted), Carbonaceous (EC and 
mixed OCIEC), Dust (CaSO4 and AfJFeVLi), and mixed KCI. The evolution of sea-
salt particles from pure through mixed to reacted is a consequence of the progressive 
replacement of chloride with nitrate by reaction with HNO 3, this reaction has been 
discussed in Chapter 4. The ions signals present in the sea-salt and carbonaceous 
mass spectra have already been discussed in Section 6.3.2. 
The CaSO4 dust class had ion signals for Ca (m/z 40), CaO (m/z 56) and 504 (mlz 
-96) and HSO4 (m/z -97). CaSO4 (Gypsum/Anhydrite) is a major constituent of 
sedimentary rock salts and this particle class is readily identified as arising from a 
construction-type source (heavy construction was underway at the hospital during 
sampling). CaSO4 is also a common fertilizer used as a source of Ca Similarly 
CaCO3 (Dolomite) is used as a liming agent in soils. The formation of CaSO4 may 
have occurred through chemical reactions of CaCO3 in  mineral particles with 
sulphuric acid in the atmosphere (Okada et a!, 2005). The Al/Fe/Li group is 
similar to those detected during the first period of the experiment and are due to a 
crustal/sand source (nearby roads were having rock-salt applied to them daily). The 
strong phosphate and silicate signals indicates that this particle is more aged than 
those detected during the exposure studies discussed in section 6.3.2 and could 
possibly be from longer range transport. This particle type also bears similarities to 
those detected during two distinct episodes in NAMBLEX described in Chapter 4 
suggesting similar sources. Mixed KC1 contained ion signals for K (m/z 39), 
(KC1)IC (m/z 113/115) and peaks for nitrate and sulphate in the negative ion 
spectrum indicating presence of secondary inorganic aerosol. 
A comparison of the overall particle composition during the upstream (pre- 
concentrator) and downstream (post-concentrator) airflows was carried out and the 
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results are shown in Table 6.5. Particle numbers are divided up into sub- and super-
micron modes in order to illustrate with more detail that no significant changes in 
overall particle composition were observed during the upstream and downstream 





















Down stream Upstream 
<1 >1 <1 >1 
1 0 0 0 
3 1 1 0 
o 0 0 0 
2 1 1 1 
o 0 0 0 
65 45 72 46 
3 7 10 13 
26 47 15 40 
Down stream Upstream 
<1 >1 <1 >1 
2 0 0 0 
3 5 8 1 
1 0 0 0 
2 2 3 3 
31 9 0 1 
28 25 78 37 
10 19 5 23 
23 39 5 35 
Table 6.5. Percentage contribution of different particle types for the upstream 
(US) and downstream (DS) particles for the first (A) and the second (B) 
characterisation studies, divided into particles of diameter <1 and> 1 p.m. 
In general, the majority of particles were classified as pure, mixed or reacted sea-salt. 
This is not surprising given Edinburgh's maritime climate. Nevertheless it should be 
noted that the particle chemical composition did differ somewhat on the two days so 
the pre- and post-concentrator particle compositions must be compared on each day 
separately. For example, during the first characterization study the particle 
composition was completely dominated by sea-salt, whereas carbonaceous and dust 
particles constitute a greater fraction of the particles in the second characterisation 
study (Table 6.5). 
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The total particle (upstream and downstream sampling) size distributions of the main 
particle classes averaged for both characterisation days in Figure 6.14. The 
distribution shows that for most of the particle classes the relative number of 
particles remained the same between the upstream and downstream sampling. 
However, an increase in the number of pure sea-salt particles is observed. 
—EC 	 —Mixed OC/EC 
- - - Mixed KCI 	- - Reacted NaCI 
200 
150 
- - CaSO4 	 - - - Al/Fe/Li 
—Mixed seasalt 	 Pure seasalt 
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Figure 6.14. Size distributions calculated for the eight main classified particle 
types sampled in both the upstream and (average of two) downstream sampling 
averaged for the 17-03-04 and 18-03-04. 
Close examination of the dalaset revealed that the particle type classified as mixed-
KCI, which did appear to show a change in abundance between pre- and post-
concentration, was in fact only detected during the first session of downstream 
sampling in the second characterisation study (illustrated by the shaded region on the 
time line in Figure 6.15. Since this particle type only appeared during one short 
period of time, it is concluded that this particle type reflects a genuine difference in 
ambient particle composition at this time rather than a compositional change induced 
by the particle concentrator. Particles in this class were within the size range 0.4 - 
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1.9 jim. These are likely to have originated from burning of biomass, for which 
potassium is a known marker (Guazzotti et a!, 2003). 
—EC —Mixed EC/OC - - CaSO4 	- - Al/Fe/Li 
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Figure 6.15. Time-line of the eight particle clusters identified during the 
two characterisation studies. 
When investigating each cluster individually, one of the clusters was observed to be 
present only during the downstream sampling. This was consistent during both 
charactensation studies. This cluster grouping contained ion signals for aluminium, 
iron and lithium in the positive ion mass spectra and ion signals for silicates and 
phosphates in the negative ion mass spectra that were identical to other particles 
subsequently classed as Al/Fe/Li dust. This smaller cluster grouping contained 
higher mass negative ion signals for phosphatsilicates and aluminium oxides (e.g. 
AIS104 (m/z -119), A1PO 4 (mlz -122), (Si0 2)(l-1P03) (mlz -140)) than the spectra 
containing similar positive ions and was only present when sampling the post- 
concentration air flow. As this cluster represented <2.4% of the total particles 
sampled and as there is no change in particle composition, only in the number of ions 
detected in the negative ion mass spectra, it was concluded that the concentrator had 
not caused changes to these particles so they were also assigned to the A1'/Fe/Li. 
Although ion intensities in LDI analyses are known to be matrix-dependent (Reilly et 
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a!, 2000) the consistent mass spectra overall indicate that there was no different 
matrices in this instance. A more likely explanation is a straightforward cluster-
boundary artefact introduced by the clustering algorithm as has been noted 
previously by Zhao et al. (2005) who observed that the ART-2a neural network 
algorithm split an ensemble of mixed carbonaceous-ammonium nitrate particles into 
two depending on the intensity of the nitrate signals. 
6.4 Conclusion 
The particle concentrator used for human exposure studies did not cause significant 
size or chemical changes to particles between the upstream and downstream 
sampling of the concentrator. 
Additional measurements run alongside the ATOFMS would greatly complement the 
semi-quantitative data from the ATOFMS. Measurements using a MOIJDI have been 
used to produce quantitative results with the ATOFMS data (Chapter 5). Having this 
additional information to scale the single particle ATOFMS data to quantitative 
numbers would be important from a toxicological perspective, allowing the 
comparison of species concentrations and particle size with human response. 
This study showed the variability of particle composition during 2 h exposures. So 
far, relating the chemical classes to sources have shown that the concentrated 
ambient particles in Edinburgh did not result in any significant health effects, as 
published elsewhere (Mills et a!, 2005a). Further experiments have been carried out 
where concentrated diesel particles were used for exposure studies. Results from 
these studies have shown an effect on human health (Mills et a!, 2005b). This 
concludes that clean marine particles generally do not have a strong toxic effect but 
that particle composition is as important to human health as particle size. 
This study and many other exposure studies have helped establish the causal 
relationship between fine particle exposure and adverse health effects in the lung and 
cardiovascular system. Many, if not all, of the regulations on particulate pollution 
focus on the need to reduce the numbers of particles with diameters <10 tm or < 2.5 
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[Lm. This study has demonstrated the need to reduce the number of diesel or 
carbonaceous material as these appear to demonstrate a more toxic effect on human 
health than ambient marine or dust type particles. 
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Chapter 7 Characterisation of inhaler drugs 
using single particle mass spectrometry 
7.1. Introduction 
Asthma, a chronic inflammatory disease of the airways, is characterised by recurrent 
episodes of wheezing, breathlessness, chest tightness and coughing. Worldwide, 
asthma is among the most common chronic diseases and, in the USA; approximately 
17 million people are estimated to have the disease. The number of people being 
treated for asthma in the UK reached 5.1 million in 2004. A 20 year growth in the 
incidence of asthma diagnosed by GPs peaked in the early 1990's and is now 3 to 4 
times higher in adults and 6 times higher in children than it was 25 years ago. 
There are a number of epidemiological and toxicological studies that correlate 
increased respiratory illness and aggravation, including asthma attacks, with 
increased atmospheric pollution and specifically with fine particulate matter. As 
outlined in Chapters 1 and 6, it is fine particles that are most efficient in causing 
detrimental health effects; these are particles with diameters less than 2.5 jim. These 
particles can penetrate and deposit deeply in the respiratory tract resulting in the 
constriction of the bronchiole tubes. 
As particles in this size range are efficient at entering and depositing in the 
respiratory system many medical companies have employed the use of respiratory 
devices to deliver drugs, in the form of small particles, to combat a number of 
illnesses. It is also known that particles can work most efficiently through the use of 
respiratory drug delivery devices as they can reach the target area in a very short 
period of time compared to other means of drug delivery. 
There have been several devices designed for the delivery of respiratory drug 
particles. These include metered dose inhalers (MDIs) and powdered dose inhalers 
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(PDIs). MDIs atomise a drug suspension, creating a spray of fine aerosol particles 
that may be inhaled to treat asthmatic conditions (Hallworth, 1987; Moren, 1993; 
Newman, 1984). PDIs come in a number of forms; one is a capsule containing the 
drug formulation in the presence of lactose. The PD! device is designed so that for 
each dose delivered only one capsule, containing the active pharmaceutical 
ingredient (API) and lactose (Carrier) will be used. Other forms of PD! device are 
designed so that when the device is operated a specific quantity of the drug is 
dropped into a holding area The drug is then inhaled from this holding area. Upon 
inhalation, particles deposit at various locations in the respiratory tract dependent 
upon the particle velocity and aerodynamic diameter (Da). 
Many of these therapeutic aerosols are local rather than systemic and therefore 
exhibit a local effect. Common drugs for the treatment of asthma are primarily in one 
of two categories: (1) bronchodilators, which are intended to stop asthma episodes, 
and (2) anti-inflammatories, which are more preventative in purpose. Because these 
drugs mainly affect a local region around the deposition site in the respiratory tract, 
inhaled doses are commonly more fast-acting than oral doses. Also, NMI and PD! 
aerosols are effective at much lower doses than oral doses and therefore are less 
inclined to produce undesirable side effects. 
As the doses used in MID! and PD! devices are so small, of the order of 200 p.g or 
less, it is difficult to carry out sample characterisation. The standard method used to 
characterise MDI and PD! inhalers for size distribution is through the use of a 
cascade impactor; normally an Anderson impactor is used. The Anderson impactor is 
designed to reflect the different stages of the human respiratory tract. Using an 
impactor for aerosol analysis involves collecting the MDIIPDI sample on size 
segregated filters prior to chemical or mass analysis of the bulk aerosol. Recently 
optical detection methods have been developed to allow the size distribution of MD! 
inhalers to be determined in real-time (Mitchell & Nagel, 1996). 
In order to chemically characterise the drug samples it is necessary to use HPLC 
linked with mass spectrometry. Chemical analysis is generally not as important as 
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size analysis, as the major components of the drug product are already known 
However, some chemical analyses have been performed on MDI aerosols, for 
example, to determine trace level impurities in the dosage (Norwood et a!, 1995). 
The chemical characterisation methods generally used are applied to the bulk aerosol 
sample and do not give any information of the individual drug particles. All of these 
methods require considerable time and are expensive. Also, as the drug quantities are 
very low the techniques must be very sensitive and multiple actuations of the drug 
dispenser are required in order to collect enough sample for analysis. 
Recently Noble and Prather (1998) demonstrated the use of the ATOFMS instrument 
as an analytical method for characterising MDIs in real-time. The ATOFMS can 
perform both size and chemical composition analysis on each individual particle and 
the drug product can be delivered directly with no sample pre-treatment required. 
The time that each particle spends inside the ATOFMS instrument is less than 1 ms 
which ensures that loss of semi-volatile material and reactions between sampled 
compounds are kept to a minimum (Tobias et a!, 2000). Noble and Prather (1998) 
demonstrated that the ATOFMS instrument can give useful size distribution analysis 
as well as determining the presence of a drug, through the use of both positive and 
negative ion mass spectrometry. The great advantage of the ATOFMS instrument is 
that one can determine the specific size range in which the drug particle appears 
which can then help to improve drug development. 
Karlsson et al. (2000) also carried out work for Boebringer Ingelheim 
Pharmaceuticals using the ATOFMS. They were able to identify individual. 
compounds, such as the APIs in single MDI actuations. The drug product 
investigated was the Combivent® NMI and the two active ingredients were 
ipratropium bromide and albuterol sulphate. The .ATOFMS instrument was used 
together with an APS and a SMPS. The latter two instruments are designed for 
particle sizing in a broad size range but are unable to provide compositional 
information. Karlsson et al. (2000) used specific ion signals to identify the active 
ingredients in the formulation, such as the presence of bromine isotopes for the 
ipratropium bromide and sulphate peaks for the albuterol sulphate. It was reported 
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that the ipratropium bromide was always associated with albuterol sulphate. As 
ipratropium bromide was not detected on its own it was proposed that these particles 
homogeneously nucleate during actuation to form particles smaller than 0.3 p.m, 
which were not detected by the ATOFMS. It is also possible that the ipratropium 
bromide did not absorb at the laser frequency employed during the analysis and that 
it was only seen when associated with albuterol sulphate due to a matrix effect. This 
matrix effect is demonstrated later on in this chapter. 
Different drug formulations for the treatment and prevention of asthma are 
commercially available. Some of these formulations show higher efficiency in 
treating asthma than others. The most widely published drug formulation exhibiting 
increased efficiency over other drug formulations is Seretide®, marketed by 
GlaxoSmithKline (GSK). This drug formulation contains salmeterol xinafoate and 
fluticasone propionate, as well as Lactose. Several clinical trials (Dal Negro et al, 
2003; Caziola et a!, 2004) have shown the increased efficiency of the combined 
formulation, salmeterol xinafoate and fluticasone propionate, compared to either 
drug delivered on its own, or sequentially one after the other. These finding 
suggested that the drugs must be associated with each other on the same particle. 
Other reviews (Lyseng-Williamson & Plosker, 2003), compared the GSK drug 
formulation to budesonide plus formoterol which is a similar drug mixture 
manufactured by Astra Zeneca (Turbuhaler® PD! Astra Zeneca) and reported a 
much higher efficiency with the GSK formulation The salmeterollfluticasone 
propionate mixture was also shown to be more effective in improving lung function 
and reducing asthma symptoms than oral leukotriene modifier (Singulair ® 
Montelukast). 
These finding inspired a number of research experiments on the drug formulation 
produced by GSK Michael et al. (2000) showed that the analysis of a mixture of the 
two drug solutions (salmeterol xinafoate and fluticasone propionate) using mass 
spectrometry showed evidence of salmeterol-fluticasone propionate interaction and 
dimer formation. These studies were carried out using ultraviolet-visible 
spectroscopy, fluorescence spectroscopy and electro-spray ionisation mass 
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spectroscopy. Another study examined the average flocculation size of the drug 
particles individually and in combination as a function of stirrer rate (Michael et a!, 
2001). It was reported that the interaction between the two drugs was such that they 
did not separate despite having different densities. It was concluded that within an 
aerosol propellant system, there was an interaction between the drug particles. 
Nelson et aL (2003) recently published a paper demonstrating the effectiveness of the 
combined salmeterol/fluticasone propionate formulation through the use of clinical 
trials. In this paper laser Raman spectroscopy was used to investigate the nature of 
this agglomeration between salmeterol and fluticasone propionate. Laser Raman 
spectroscopy is a technique capable of analysing individual drug particles and 
presenting an image in which individual drugs can be identified. The technique was 
used to analyse the fluticasone plus salmeterol combination sample taken from stage 
4 of an Anderson cascade impactor (the stage considered to represent the dose 
delivered to central airways). The results showed that the fluticasone plus salmeterol 
particle agglomerate persist after delivery from either the PD! or the MDI. This 
method, although useful, is both time and cost intensive and as it requires the use of a 
cascade impactor it does not analyse the particles in real-time. 
In the work presented here, the ATOFMS instrument was used to analyse, in near 
real-time, the size and chemical composition of two commercially available inhalers, 
one produced by Astra Zeneca, (Symbicort Turbuhaler(V PD!) and the second 
produced by GSK, (Seretide® PD!). The main objective of this work was to 
investigate the composition of the single particles produced from the inhalers and 
attempt to determine whether the APIs co-exist on the same drug particle. 
7.2. Experiment 
Two commercially available drug products were purchased. The APIs were analysed 
separately and in the commercial products. By analysing each of the components 
individually, mass spectral fingerprints could be determined which were later used to 
identify the APIs within the drug mixture. 
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Figure 7.1 shows the apparatus set up for the delivery of the drug components to the 
ATOFMS instrument. This set up consisted of a 2 L chamber, a rectangular box for 
the inhaler device, a 3 L syringe and a high efficiency particle air filter (HEPA). The 
2 L chamber acted as a holding area for the drug particles and also ensured that only 
the particles of interest were analysed. This chamber had two inlets and one outlet. 
The outlet was attached to the sampling inlet of the ATOFMS. To one of the inlets a 
HEPA filter was attached in order to draw filtered air into the 2 L chamber. The 
second inlet was attached to the drug delivery device. This device consisted of a 
rectangular box in which the drug product was placed. This box had one inlet and 
one outlet; the outlet was used to deliver the aerosol drug into the holding chamber 
while the inlet was attached to plastic tubing. On the end of this plastic tubing was a 
3 L syringe. This 3 L syringe was used to deliver a sufficient amount of air to the 
rectangular box, containing the drug product, to propel the drug products into the 2 L 
sampling chamber. 
3 L 	Sample 	2 L Chamber to hold 
syringe holder drug aerosols 
(a) I___________________  
ATOFMS instrument 	 Data WV  
Analysis 
IAN ---- 
Figure 7.1. Schematic diagram of ATOFMS set up for drug delivery during 
sampling and (a) photograph of syringe, sample holder and 2L chamber. 
All data were collected using the MassSpec operational software provided by TSI 
with the ATOFMS instrument and analysed using MS-Analyze software (TSI). Data 
were also exported into Excel 2000® for analysis. Due to large shot-to-shot 
variations in the mass spectra obtained using laser ablation and ionisation, a large 
number of particles (>100) had to be analysed. Mass spectra were then co-added and 
averaged. In the analysis of mass spectra, a peak threshold value can be set, in MS- 
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Analyze, below which a given peak in the mass spectrum is rejected. For this work, 
relatively high threshold values were set in order to ensure a high level of confidence 
in the final results. It should be emphasised that these data obtained with the 
ATOFMS instrument provides information on whether or not a given molecule 
(drug) is present in any individual particle but it does not yield information on the 
quantity of that molecular species present in the particle. 
Each of the individual drug components were analysed using a range of laser 
energies, from I mJ to 0.2 mJ, in order to determine the optimum conditions and 
obtain the maximum amount of information from each of the samples. After 
examination of both the positive and negative ion mass spectra from each of the drug 
components it was concluded that the most useful information would be obtained at 
laser energies in the range of 0.7 to 0.4 mi. 
7.3. AstraZeneca Symbicort Turbuhaler® PDI 
In order to fully characterise the sample obtained from an AstraZeneca, Symbicort ® 
100/6 Turbuhaler® PDI, it was necessary to obtain mass spectra for each of the 
individual components present (i.e. formoterol fumarate and budesonide). The 
product packaging states that each inhalation contains budesonide (equivalent to 200 
.tg per metered dose) and formoterol fumarate (equivalent to 6 j.Lg per metered dose). 
This product also contains lactose. As there is only a very small amount of 
formoterol fumarate present in the mixture it is likely that it will be difficult to detect 
in the mixed drug formulation. The individual components were sampled at a number 
of different laser energies in order to determine optimum conditions for analysis. 
Lower laser energies between 0.7 mJ and 0.5 mi provided the best conditions for 
analysis. Data were therefore collected at these laser energies and are used for the 
analysis presented in this chapter. 
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7.3.1. Formoterol Fumarate 
Positive and negative ion mass spectra of particles containing pure formoterol 
fumarate were collected using the ATOFMS. Figure 7.2 shows the structure of 
formoterol and its corresponding salt fumarate. Formoterol fumarate has a molecular 
weight of 460 g mor'. Formoterol itself has a molecular weight of 344 g moE' (C19 
H24 N2 04). As there is a large shot-to-shot variability with the ATOFMS, all of the 
mass spectra collected under optimum conditions were averaged in order to obtain a 
reliable analysis of the particles collected. Figure 7.3 shows the average of the 198 
positive and negative ion mass spectra sampled under optimum laser conditions. 







Figure 7.2. (a) Structure of formoterol (C 19H24N 204) and (b) fwnarate (C41L404). 
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Figure 73. Average threshold positive and negative ion mass spectra of 198 
formoterol fumarate particles. These average mass spectra were obtained at 
optimum laser energy (0.7 mJ and 0.5 mJ). The peak thresholds used to obtain 
these average mass spectra were 5 units above the baseline, 5 square units of 
area and a fraction of total peak area of 0 (i.e. ~! 2% of full scale) 
Each of the particles detected by the ATOFMS instrument  was examined 
individually for the presence of ion signals that could be used to identify this 
compound in a mixture. The ions which appeared most often, with the greatest 
intensity, in the mass spectra of formoterol fumarate are listed in Table 7.1. From 
Figure 7.3 it is observed that the parent ion is detected in positive ion mass spectra 
(m/z 344). Table 7.1 shows that almost 50% of the particles sampled show ion 
signals for the parent ion. Having the parent ion present at high m/z values increases 
the likelihood that it will be detected in the drug mixture. 
The average threshold graph shows the number of times each of the peaks occurred over a threshold 
value (2%). 
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Positive ion mass spectra  
Average intensity of 
Number of particles containing this peak in the mass 
Observed rn/z this peak spectra 
90to92 147 651 
121 171 121.2 
135 148 63.1 
149 152 102.6 
48(parent ion with loss of CO/C2H2 
280' and 21-120 from parent) 52.0 
45(with loss of CO/C2H2 and H20 
298' from parent) 56.1 
326' 75 (parent ion-H20) 1 	 51.3 
344 97 (parent ion) 88.5 
Negative ion mass spectra 
Number of particles containing Average intensity of this 
Observed m/z this peak peak in the mass spectra 
-336' 61 43.3 
-312' 77 50.5 
-162' 158 83.7 
-147' 156 59.2 
-134' 175 91.8 
-114' 186 116.8 
-90' 148 69.5 
Table 7.1. The most common positive and negative ions present in the 198 
formoterol fumarate mass spectra sampled using optimum laser energy. The 
peak thresholds used to obtain these average mass spectra were 5 units above 
the baseline, 5 square units of area and a fraction of total peak area of 0. 
'Ion signals present at higher ink values are subject to m/z shifting and the signals are often 
seen at ink values ± 1 of the listed value. A full list of observed ,n/z values and intensities can be 
found in appendix 1. 1, Table A 1.1 and AI.2. 
The parent ion signal for formoterol (molecular weight of 344 g mof') appears at 
m/z = 344, with two adjacent ion signals, in the positive ion mass spectrum. These 
adjacent peaks are due to fragmentation with loss of water molecule and a -Co (or 
C21-12) fragments. Figure 7.4 and 7.5 are examples of individual mass spectra of 
formoterol fumarate sampled at different laser energies, both showing strong signals 
for the parent ion. 
m1z values less than 90 have not been included Table 5. 1. For a full list of m'± values and their 
intensities see appendix Al, Table 1A, page 51. 
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Figure 7.4. Positive and negative ion mass spectra of pure formoterol fumarate 
sampled with high laser energy (0.7mJ) 
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Figure 7.5. Positive and negative ion mass spectra of pure formoterol fumarate 
sampled at lower laser energy (0.5 mJ) 
The laser power was varied from high energy (-0.7 mJ) to low energy ('-0.5 mJ). This 
variation in laser power provided control over the fragmentation processes. This 
variation in fragmentation is clearly illustrated in Figure 7.4 and 7.5. 
204 
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The ion signals identified in the single and average mass spectra were then used to 
search for the presence of formoterol fumaraie in commercial products. The fragments, 
outlined in Table 7.1, are those which are the most useful in the identification of 
formoterol fumarate. A full list of m1z values and the number of spectra that contain 
them can be found in Appendix 1.1 Table Al. 1. 
7.3.2. Budesonide 
Budesonide is the other API present in the Symbicort® Turbuhaler mixture and is 
present in much higher quantities (100 pig) than formoterol fumarate (6 p.tg). The 
structure of budesonide is shown in Figure 7.6, it has a molecular weight of 430.5 g mol 1 
(C25H3406) this larger molecular weight makes it more difficult to detect although there 
are several other markers that may be used. Under the optimum laser conditions 267 
mass spectra were collected. An average of these mass spectra is shown in Figure 7.7. 
The hit rate for budesonide was 24% indicating that budesomde adsorbed more strongly 
at 266 nm, the wavelength of the ATOFMS DI laser, than formotorol. 
Pr-n 
Figure 7.6. Structure of budesonide. 
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Figure 7.7. Averaged positive and negative ion mass spectra of 267 budesonide 
particles sampling under optimum laser conditions (between 0.5-0.7 mJ). Peak 
thresholds were the same as Figure 73. 
As with formoterol fumarate, each individual mass spectra was analysed for common 
mass spectral signatures that could be used to identify this compound in a mixture. 
Table 7.2 shows the number of spectra containing the most common ion signals that 
will be used later to identify budesonide in the Symbicort® mixture. 
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Positive ion mass 	ectra 
Observed 
)Wz 
Number of particles 
containing this peak 
Average intensity of this 
peak in the spectra 
91 to 95 *** 212 68.0 
105 to 107 199 55.2 
113to117 186 61.9 
118 to 122 216 68.0 
128 to 135 214 51.2 
144 to 148 185 50.2 
164 to 166 90 34.8 
169 to 170 110 40.6 
221 27 33.6 
261* 23 31.8 
Negative ion mass spectra 
Observed 
m/.z 
Number of particles 
containing this peak 
Average intensity of this 
peak in the spectra 
-417 0 
Intensity too weak to be detected 
at current threshold values 
346* 35 46.5 
-141 to -144 164 50.4 
-129to-132 171 55.9 
-106 to -108 132 58.9 
-92 to -96 204 50.8 
Table 7.2. The most common positive and negative ions present in the 
budesonide sample. Thresholds as for Table 7.1. A full list of all m/z values and 
intensities can be found in appendix 1.1, Table Al. 3 & AI.4. Ions at higher m/z 
values are subject to mass shifting and are often found at in/z values :k I of the 
listed value. 
Budesonide has a parent ion at rn/z 430.5 (molecular weight 430.5 g mor'). The parent 
ion is occasionally seen in the individual mass spectra but has a very low intensity that is 
below the defined peak thresholds outlined in Figure 7.1 and Table 7.1 and is therefore 
not reliable. Similar to formoterol, a combination of ions can be used to identify 
budesonide in a mixture. Figure 7.8 and 7.9 show two examples of individual positive 
mJz values less than 90 were not included in Table 5.1. For a full list of mlz values and their 
intensities see appendix Al, Table Al.3 &Al.4 
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and negative ion mass spectra from budesonide sampled at both high and low laser 
intensities respectively. 
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Figure 7.8. Positive and negative ion mass spectra of pure budesonide sampled 
with high laser energy (0.7mJ) 
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Figure 7.9. Positive and negative ion mass spectra of pure budesonide using low 
laser energy (0.5 mJ) 
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The ion signals identified in the budesonide sample were recorded and used to identify 
budesonide in the Symbicort® mixture. 
733. Lactose 
As lactose is present in the Symbicort® mixture, as a carrier for the drug sample, it is 
necessary to charactense it. It is also useful to be able to characterise the lactose in order 
to determine if the APIs in the mixture are associated with lactose particles. Pure lactose 
particles were sampled using the ATOFMS at a range of laser energies from 1 mJ to 0.2 
mJ. Only data measured between 0.6 and 0.4 mJ were used for the data analysis as it was 
within these energies that the most information on lactose was acquired. The hit rate for 
lactose when sampled at optimum laser conditions was relatively low at 8.3%. Figure 
7.10, shows the structure of lactose (molecular weight of 342.3g mol'). Figure 7.11 
shows the averaged positive and negative ion mass spectra of 124 particles obtained 
from a sample of pure lactose sampling using optimum laser conditions. 
Figure 7.12 shows a mass spectrum of Lactose obtained using an electron impact source 
with ionisation energy of 70 eV. The electron impact spectrum is clearly very different to 
the spectra obtained using the ATOFMS instrument and is thus of limited value for the 
present work. 
am. 
Figure 7.10. Structure of Lactose. 
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Figure 7.11. Averaged positive and negative ion mass spectra of 124 Lactose 
particles sampled at optimum laser energies (between 0.4 and 0.6 mJ). Peak 
thresholds were the same as Figure 7.3. A full list of all positive and negative 
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Figure 7.12. Spectrum of Lactose reprinted from NIST chemistry 
Webbook(NIST, 2005) 
The ions which occurred most often and gave the highest intensity, in the ATOFMS 
mass spectra, are listed in Table 7.3. 
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Positive ion signals 
Observed 
m/z 
Number of particles 
containing this peak 
Average intensity of this 
peak in spectra 
23 16 188.9 
(38to41) 122 309.2 
55 16 161.7 
77 2 106.5 
103 18 176.6 
117 22 162 
(120 to 121) 11 283.8 
Negative ion sr rnals 
Observed 
nilz 
Number of particles 
containing this peak 
Average intensity of this 
peak in spectra 
-77to-79 2 335.5 
-61 15 84.5 
(-39 to -42) 70 157.4 
-25 17 116.5 
Table 73. The most common ions present in the Lactose sample. Peak 
thresholds are the same as in Table 7.1. 
Lactose does not yield a parent ion but could be monitored using a characteristic set of 
ion signals. Figure 7.13 and 7.14 show two examples of single shot mass spectra 
resulting from lactose particles analysed using laser energies of 0.6 and 0.4 mJ 
respectively. 
In the next section, a combination of peaks, given in Table 7.3, were used to try and 
identify lactose in a mixture. Before the mixture was analysed the predominant ion 
signals present in each of the individual drug components were investigated to see if 
overlap occurred. 
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Figure 7.13. Positive and negative ion mass spectra of a lactose particle using 
high laser energy (0.6 mJ) 
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Figure 7.14. Positive and negative ion mass spectra of a lactose particle sampled 
with a low laser energy (0.4 mJ) 
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7.3.4. Selection of mlz values for drug identification in a mixture. 
The ion signals which best identified each of the individual drugs were examined to see 
where overlap occurred. This was done by carrying out a search through the entire 
dataset of each of the individual drug components using Microsoft access 2000®. Table 
74 and 7.5 show the degree of overlap, between the positive and negative ion signals, 
for the two drugs and lactose. 
Positive ion mass spectra  
338 budesonide mass 
spectra 
266 formoterol mass 
spectra 




No. of mass spectra 
containing this m/z 
value 
No. of mass spectra 
containing this m/z 
value 
No. of mass spectra 
containing this m/z 
value 
91to92 263 140 1 
103to105 251 90 21 
114to117 249 94 19 
119 196 48 22 
120 69 86 9 
121 175 139 2 
127 to 131 259 20  
134 to 135 91 127  
142 to 147 220 38  
149-150  125  
170 to 172 51  
221* 26 
261 2 
280  48  
298*  45 
326*  75 
344  97  
Table 7.4. Positive ion signals corresponding to each individual drug component. 
For a full list of m/z values go to appendix 1.1: Table A1.6. The figures in red refere 
to ion signals which are unique to that particular drug.* Ions at higher m/z values 
are subject to mass shifting and are often found at m/z values ± I of the listed value. 
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Negative ion mass spectra  
267 budesonide 
mass spectra 






No. of mass 
spectra containing 
this m/z value 
No. of mass spectra 
containing this ns/z 
value 




-355 *  
346* 21  
337* 
I 72  
-313  84  
309*  
-308 1 9 
-307  8  
-306  1  
-224  4  
-162 4 151  
-153 75  
(-148to-150) 12 152  
-144 173 14  
(-132 to -137) 206 221  
(-113to-117) 104 238 1 
-106 148 99  
-104 12 6 11 
(-98 to -94) 246 90  
-90 21 102 8 
Table 7.5. Negative ion signals corresponding to each individual drug component. 
For a full list of m/z values see appendix Li: Table A1.7. * Ions at higher m/z values 
are subject to mass shifting and are often found at m/z values ± I of the listed value. 
From Table 7.4 and 7.5 it is possible to conclude that ion signals greater than ni/z = 290 
and ion signals in the range of m/z = -344 to -309 can be used for the identification of 
formoterol in a mixture, together with the ion signals at m1z = 149 and 150. For 
budesonide, ion signals at m/z = 170 to 172 along with those at m/z = 221 and nt7z = -153 
can be used. Also ion signals at m/z = -355 and -346 are unique to the budesonide 
spectra 
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As tables 7.4 and 7.5 show, the peaks which can be used to charactense lactose in a 
sample are not unique. Unfortunately therefore, lactose containing particles cannot be 
identified due to interferences from other ions. 
7.4. ATOFMS data for AstraZeneca's combination products. 
7.4.1. Turbuinhaler budesonide/ formoterol 20016 
AstraZeneca's Symbicort® Turbuhaler was sampled by the ATOFMS to produce a 
dataset of 430 particles. Figure 7.15 shows the size distribution for the 430 particles 
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Figure 7.15. Size distribution for Turbuhaler® 200/6 budesonide/formoterol 
aerosol. 
The averaged positive and negative ion mass spectra of all the particles sampled are 
shown in Figure 7.16. The database obtained for the Turbuhaler® aerosol was examined 
using MS-Analyze, Microsoft Excel 20009 and Microsoft Access 20000D, for each of 
the drug components, using the previously defined parameters (section 7.3). 
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Figure 7.16. Averaged positive and negative ion mass spectra of Turbuhaler® 
particles sampled by the ATOFMS. Peak thresholds as for Figure 7.3. 
From the positive and negative ion mass spectra shown in Figure 7.16 it is possible to 
see both formoterol fumarate (circled in red m/z = 150, -312 & -321) and budesonide 
(circled in blue m7z = - 153, -348, -356 & 430) are present in the mixture, although all 
ion signals have very low intensity and require that the mass spectra be magnified 10/20 
times in order to see them more clearly. The database was queried for ion signals 
representing each of the drug components. Figure 7.17 shows the mass spectrum of a 
representative particle resulting from the Turbuhaler® mixture which contains ion 
signals for both formoterol (circled in red m/z 150, 306) and budesonide (circled in blue 
= 172, -153 & -358). As with the average mass spectrum the ion signals which were 
used to identify each of the APIs show very low intensities. 
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Figure 7.17. Positive and negative ion mass spectra from a single particle from 
the Turbuhaler® mixture containing ion signals for both drugs. 
Table 7.6 summarises the data analysis carried out on the Turbuhaler® mixture. It shows 
the total number of particles that contain formoterol fumarate and the total number that 
contain budesonide. Also shown are the number of particles in which formoterol 
fumarate and budesonide are co-associated. Finally the number of particles that contain 
only formoterol fumarate and only budesonide are shown. 1% of the dataset contains 
both drugs in an individual particle. These data are more clearly shown in Figure 7.18 as 
a function of particle size. 
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Formoterol fumarate 
m1z=(-344to-310j 	m/z(149to 150) 	 m/z=(290 to 345) 
All Or 
8 16 
Budesonide All Or 




(221) 0 75 
Formoterol fumarate and Budesonide co - associated All Or 
m/z 	(-344 to-310) m1z=(149to 150) m1z(290to 345) 





Formoterolfumarate only Total no. 
m/z = (-344 to -310) mz = (149 to 150) m/z = (290 to 345) 11 
Budeconide only Total no. 





Table 7.6. Summary of analysis of the Turbuhaler® mixture. 'All' is used to 
define particles which contained every one of the ion signals being used to 
identify the drug component in a mixture and 'Or' is used if one or more of the 
ion signals is present to identify it in a mixture. 
• Budesonide (total) 
• Formoterol fiunarate (total) 
• Co-Association 
11 Budesonide only 
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Figure 7.18. Size distribution of particles which contain formoterol fumarate 
and budesonide, the two drugs in co-association. 
In summary, it can be concluded that at least 1% of the total spectra (5.5% of classified 
particles) contained both drugs together and 19% of the spectra contained only a single 
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drug component. Only 20% of the spectra have been classified, the remaining spectra did 
not contain the peaks used to classify the drugs. From the mass spectra shown it can be 
seen that although ion signals for both components have been identified in individual 
particles the ion signals have very low intensities. This mixture proven to be very 
difficult to analyse and the results were not conclusive. 
The hit rates of formoterol, budesonide and the Symbicort Turbuhaler were 18%, 24% 
and 18% respectiviely. Adequate scaling of these data, to correct for differences in hit 
rate, is required in order to show representative results. After scaling the number of 
formoterol particles and Symbicort Turbuhaler® particles the overall co-association 
dropped to 0.8%. At higher laser energies the apparent co-association, scaled for 
differences in hit rate, dropped 100.15%. 
A second dataset was acquired, from Symbicort ®Turbuhaler 100/6 
budesomde/formoterol, the co-association (scaled for hit rate) was 0.3% in this dataset. 
The ion signals used to identify budesomde and formoterol in the mixture were very 
weak Thus, it was difficult to identify both APIs in the mixture. 
7.5. GlaxoSmithKline. Seretide ® PDI 
The second product analysed was Seretide® PD! commercially available from GSK The 
product packaging states that each inhalation contains 50 ,.tg of salmeterol xinafoate and 
100 .tg of fluticasone propionate. This mixture also contains lactose. As each of the 
API's are present in similar quantities it should make them easier to detect in the 
mixture. 
7.5.1. Salmeterol Xinafoate 
Positive and negative ion mass spectra of particles containing pure salmeterol xinafoate 
were collected using the ATOFMS at two different laser energies. Figure 7.19 shows the 
structure of salmeterol, which has a molecular weight of 415g mor 1, and xinafoate, 
which has a molecular weight of 188g mof 1 . Figure 7.20 shows the average of the 152 
positive and negative ion mass spectra obtained at optimum laser energies between 0.65 
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mJ and 0.45 mJ. The hit rate for the salmeterol xinafoate was 12% when sampling at 





Figure 7.19. Structure of (A) salmeterol and (B) xinafoate 
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Figure 7.20. Averaged threshold positive and negative ion mass spectra of 152 
salmeterol xinafoate particles sampled at optimum conditions. Peak thresholds 
are the same as those outlined in Figure 73. 
Each of the individual positive and negative ion mass spectra were analysed for the 
ions that occurred most often with the greatest intensity. More attention was focused 
on those ion signals present at higher m/z values as these masses are easier to identify 
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in a mixture. From the averaged positive and negative ion mass spectra it is possible 
to identify two key ion signals. The first is the parent ion for salmeterol at m/z 415 
and the second is the ion fragment for xinafoate at m/z 188, which is only detected in 
the negative ion mass spectra The ions which appeared most often, with the greatest 
intensity, in the mass spectra of salmeterol xinafoate are listed in Table 7.7. 
Positive ion mass spectra 
Observed ,n/z 
Number of particles 
containing this peak 
Average intensity of 
this peak in 
spectram 
39 to 44 107 276.6 
50 to 55 115 292.7 
61to65 51 212.5 
76to79 50 191.4 
90 to 92 132 235.5 
114to115 55 201.8 
379to415 17 184.9 
Negative ion mass spectra 
Observed m/z 
Number of particles 
containing this peak 
Average intensity of 
this peak in spectra 
-188to-180 127 166.8 
-158 to -162 104 136.8 
-149 to -144 127 163.4 
-138 to -142 116 169.7 
-130 to -134 100 181.5 
-118 to -121 90 187.4 
-111 to-112 83 167.1 
-103 to -104 52 148.3 
-72to-73 73 113.5 
-59to-61 88 116.3 
-47 to -49 106 172.2 
-42to-38 91 111.8 
-23to-27 106 189.8 
Table 7.7. The most common ions present in the salmeterol xinafoate 
mass spectra. The peak thresholds are the same as those outlined in Table 7.1. 
fftThew values are taken from the average intensity mass spectra- 
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In addition to the ion signals at m/z = 91, ions often appear at m/z 92 and m/z 90: this 
could be the result of protonation of the m/z =91 fragment or the loss of a hydrogen 
atom, respectively. The m/z =91 peak frequently appears as a broad peak and is then 
assigned two m/z values by the software. A similar problem arises for the xinafoate 
fragment: negative ions often appear in the range of nilz = -182 to -188. This is most 
likely due to different fragmentation processes. 
The parent ion signal for salmeterol at m/z = 415, appears together with two other 
ion signals, one at m/z = 379 and the other at m/z = 397. The three ion signals appear 
in the ratio of 1:3:1. The two adjacent ions (397 and 379) are a result of the loss of 
one and two water molecules, respectively. Figure 7.21 and 7.22 show examples of 
individual spectra resulting from the sampling of salmeterol xinafoate at different 
laser energies. 
Positive ion mass spectrum 
41 C251137NO4(=M) 
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Figure 7.21. Positive and negative ion mass spectra of pure salmeterol xinafoate 
sampled with high laser energy (0.6 mJ) 
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Figure 7.22. Positive and negative ion mass spectra of pure Salmeterol Xinafoate 
sampled at lower laser energy (0.4 mJ) 
The variation in laser power provided control over the amount of fragmentation present 
in the positive and negative ion mass spectra. This variation in fragmentation is clearly 
illustrated in Figures 7.21 and 7.22. The optimum conditions for sampling were between 
0.4 and 0.6 mJ. The ion signals identified in Table 7.7 will be used to develop a 
fingerprint for the analysis of salmeterol xinafoate in the mixture. 
7.5.2. Fluticasone propionate 
Fluticasone has a molecular weight of 500.6 g mor 1 , this high molecular weight suggests 
that it will be difficult to see a parent ion with the ATOFMS and it may be necessary to 
rely on characteristic fragment ion signals. It does however have some distinctive 
elements (F & S), shown in Figure 7.23, which may allow its identification. Positive and 
negative ion mass spectra of pure fluticasone propionate particles were collected using 
the ATOFMS. The hit rate for the fluticasone propionate was 9% only when sampling at 
optimum laser energy, indicating that fluticasone is not readily detected at 266 nm. 
Figure 7.24 shows the average of 121 positive and negative ion mass spectra obtained at 
optimum laser conditions. 
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Figure 7.24. Averaged positive and negative ion mass spectra of 121 fluticasone 
propionate particles. Peak thresholds were the same as Figure 3.1. 
The ions which appeared most often with the strongest intensity in the mass spectra of 
fluticasone propionate are listed in Table 7.8. 
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Positive ion mass spectra 
Observed m/z 
Number of peaks 
containing this instrument 
Average intensity of 
this peak in spectra 
26to29 66 41.2 
41to43 36 34.8 
55to57 76 49.7 
62to65 16 24.5 
76 to 77 20 38.3 
119to121 47 32.8 
138 to 139 68 42.9 
Negative ion mass spectra 
Observed m/z 
Number of peaks 
containing this instrument 
Average intensity of 
this peak in spectra 
-155to-158 71 49.8 
-94to-96 90 55.7 
-88 to -86 87 46.7 
-70to-73 119 148.5 
-62to-65 115 90.2 
-48to-49 50 999 
-37to-39 101 64.7 
-32to-33 74('/SIf) 86.9 
-25to-24 58 89.2 
-19 79(F) 131.4 
Table 7.8. The most common positive and negative ions present in the 
fluticasone propionate sample. Thresholds as for Table 7.1. A full list of all the 
positive and negative ions detected can be found in appendix 1.2 Table A1.8 and 
A2.9. 
Fluticasone propionate did not yield a parent ion but distinctive positive and negative ion 
fragments can be used for identification. Figure 7.25 and 7.26 show two examples of 
individual mass spectra from fluticasone propionate sampled at both high and low laser 
intensities respectively. The optimum conditions for sampling were between 0.4 and 0.6 
mJ, the data have been analysed under these conditions. 
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Figure 7.25. Positive and negative ion mass spectra of pure fluticasone 
propionate sampled with high laser energy (0.6 mJ) 
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Figure 716. Positive and negative ion mass spectra of pure fluticasone 
propionate using low laser energy (0.4 mJ) 
Using a combination of all of these peaks at optimum sampling conditions, 100% of the 
spectra can be classified. This combination of peaks could therefore be used for the 
identification of fluticasone propionate in a mixture. 
Applications and evaluation of an aerosol time-of-flight mass spectrometer 	 230 
7.5.3. Selection of m/z values for drug identification in a mixture. 
The ion signals which best identified each of the individual drugs were examined to see 
where overlap occurred. This was done by carrying out a search through the entire 
dataset of each of the individual drug components using MS-Analyze, Microsoft excel 
20009 and Microsoft access 2000®. Table 7.9 and 7.10 show the degree of overlap 
between different positive and negative ion signals for the two drugs and lactose. 
Positive ion mass spectra 	____ - - 	 - 
121 Fluticasone 	150 Sal,neterol 124 Lactose mass 
pppionate mass spectra 	Xinafoate mass spectra 	spectra 
Number 	Average Number 	Average Number 	Average 
of intensity 	of intensity 	of intensity 
particles 	of this particles 	of this particles 	of this 
Observed 	containing peak in 	containing peak in 	containing peak in 
m/z this peak 	spectra this peak 	spectra this peak 	spectra 
26 to 29 66 41.2 7 272.0 2 245 
39 to 44 57 44.5 107 276.6 171 344.5 
50 to 55 19 40.7 115 292.7 10 257.7 
55to57 76 49.7 6 103.8 ii 165.5 
62to65 16 24.5 51 212.5 2 188.0 
76to79 20 38.3 50 191.4 0 0.0 
90 to 91 17 44.0 132 235.5 1 103.0 
103 0 0 0 0 
109  0 0.0 0 0.0 
114 to 115 8 27.5 55 201.8 0 0.0 
119 to 121 47 32.8 0 0.0 35 258.0 
138 to 139  0 0.0 0 0.0 
379 to 415 0 0 ________ 0 0.0 













































-188 to -180 0 0 0 0.0 
-158 to -162 30 59.7 104 136.8 0 0.0 
-155 to -158 71 49.8 13 209.4 0 0.0 
-149to-144 4 55.2 127 163.4 0 0.0 










-118to-121 187.4 80.0 
-111 to -112 5 23.7 83 167.1 0 0.0 
-103 to -104 3 24.6 52 148.3 3 72.5 
-94to-96 90 55.7 20 97.3 1 76.0 
-88 to -86 87 46.7 22 87.5 0 0.0 
-70to-73 119 148.5 73 113.5 2 77.0 
-59to-61 31 47.1 88 116.3 2 811.5 
-62to-65 115 90.2 33 100.0 17 87.7 
-48to-49 50 99.9 106 172.2 2 123 
-37to42 1011 64.7 91 111.8 70 157.4 
-32 to -33 86.9  0 0.0 0 0.0 
-27to-23 58 89.2 106 189.8 17 161.9 
-I8to-19  0 0.0 0 0.0 
Table 7.10. Negative ion signals corresponding to each individual drug 
component. 
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From Table 7.9 and 7.10 it can be concluded that for salmeterol xinafoate it is possible to 
use the parent ion peaks at the m/z 379 to 415 to identify the drug in a mixture, together 
with the ion signals at m/z = -182 to -188 and -148. For fluticasone, ion signals at m/z - 
19, -32, -33 and (138 to 139) are unique to the fluticasone spectra All other ion signals 
which represent fluticasone unfortunately overlap with lactose and salmeterol xinafoate. 
As tables 7.9 and 7.10 show, it is not possible to identify lactose in the mixture with any 
certainty. 
7.6. ATOFMS data for combination products. 
7.6.2. Seretide® 	50/100 Salmeterol xinafoate/lluticasone propionate 
(SXIFP) 
Three doses of Seretide® 501100 SX/FP were sampled by the ATOFMS, from a discus, 
to produce this dataset. 647 mass spectra were collected and analysed under optimum 
laser energies. Figure 7.27 shows the size distribution for the 647 particles sampled. The 









0 04 	05 	0 	08 	10 	12 	1 	19 	24 	293 	-1S 
Particle diameter/ jim 
Figure 7.27. Size distribution for Seretide® 50/100 SXJFP aerosol. 
Average positive and negative ion mass spectra of all the particles are shown in Figure 
7.28. The database obtained for the Seretide® aerosol was examined using MS-Analyze, 
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Microsoft excel 20000 and Microsoft access 20009 for each of the drug components 
using the previously defined parameters (section 7.5). 
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Figure 718. Averages positive and negative ion mass spectra from Seretide® 
particles sampled by the ATOFMS. Peak thresholds as for Figure 3.1. 
From the averaged positive and negative ion mass spectra in Figure 7.28 it is possible to 
see that ions from both salmeterol xinafoate (circled in red) and fluticasone propionate 
(circled in blue) are present in the mixture with reasonable intensities. The database was 
queried for ion signals representing each of the drug components. 
Figure 7.29 shows a positive and negative ion mass spectrum of an individual particle 
resulting from the Seretide® mixture. Ion signals for both salmeterol xinafoate (circled 
in red) and fluticasone propionate (circled in blue) are observed. 
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Figure 7.29. Positive and negative ion mass spectra of a single particle from the 
Seretide® mixture containing ion signals for both drugs. 
Table 7.11 summarises the data analysis carried out on the Seretide® mixture. It shows 
the total number of particles that contain fluticasone propionate and the total number that 
contain salmeterol xinafoate. Also shown are the number of particles in which 
fluticasone propionate and salmeterol xinafoate are co-associated. Finally,  the number of 
particles that contain only fluticasone propionate and only salmeterol xinafoate are 
shown. 58% of the dataset contains both drugs in an individual particle. These data are 
more clearly shown in Figure 7.30 as a function of particle size. 
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( Ii(If) 1 
Fluticasone propionate 
ni=-19 	m./z=-32 	mz=-33 	j 	,n/z=138to 139 
All Or 
8 397 
Saimeterol xinafoate All Or 
m1z=376to415 1 	 m,z=-182to-187 96 595 
Fluticasone propionate and Sahneterol xinafoate co - associated All Or 
m/z=-19 mz=-32 mz-33 m1z=138to 139 
i 376 ,n1z=376to415 I m/z=-182to-187  I 	m/z=-148 
Fluticasonepropionate only Total no. 
miz=-19 ,n/z=-32 m.'z=-33 1 	m1z=138-139 21 
Salmeteroixinafoate only 
m/z= 376 to 415 	nilz=-182to-187 	fl/z=-148 
Total no. 
219 
Table 7. ii. Summary of analysis of the Seretide® mixture. 'All' is used to 
define particles which contained every one of the ion signals being used to 
identify the drug component in a mixture and 'Or' is used if one or more of the 
ion signals is present to identify it in a mixture. 
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Figure 730. Size distribution of particles that contain fluticasone propionate, 
salmeterol xinafoate, the two drugs in co-association and particles that contain 
only one drug. 
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In summary, at least 58 % of the hit particles contained both drugs and 37% of the hit 
particles probably contain only a single drug component (usually salmeterol). 95% of the 
spectra have been classified; the remaining spectra did not contain peaks used to classify 
the drugs. 
From Figure 7.30 and Table 7.11 it is apparent that fluticasone is mainly detected when 
associated with salmeterol xinafoate. A similar finding was reported by Karisson et al. 
(2000) when analysing the ipratropium bromide from the Combivent® MDI. It was 
suggested that this was due to the ipratropium bromide particles homogeneously 
nucleating, during actuation, to form particles smaller than 0.3 tm. Here it is possible 
that a similar phenomenon is happening with the fluticasone propionate but as previously 
noted the low hit rate for fluticasone propionate makes it more likely that these particles 
are not detected with as high efficiency as the pure salmeterol xinafoate particles, or the 
agglomerate particle of salmeterol xinafoate and fluticasone propionate. This is a 
frequently observed effect with the ATOFMS instrument and is commonly referred to as 
the matrix effect where the presence of certain chemical species can enhance ion 
formation from species that would not normally absorb sufficient energy to cause the 
formation of ions. It works in a similar manner to MAID! where the non-absorbing 
sample is mixed with a strongly absorbing matrix. The energy absorbed by the matrix is 
transferred to the non-absorbing sample causing it to fragment into positive and negative 
ions. 
At higher laser energies the apparent co-association present in the sample dropped to 
45% due to the loss of the parent ion signal (i.e. fragmentation of the parent ion). Using a 
throat cast, to sample the aerosol, the percentage of co-association dropped to 28%, due 
to the loss of the coarser particles. A brief experiment was done with an MDI mixture of 
the two drugs (25/250 salmeterol xinafoatelfluticasone propionate), with the throat cast, 
and it was reported that co-association was 45%. Graphs and tables showing the results 
from these experiments can be found in appendix 1.3. 
As the hit rate (HR) for the fiuticasone propionate (HR = 9%), salmeterol xinafoate 
(HR=12%) and the Seretide® (HR=19%) are different, it is necessary to scale up the 
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number of particles for each of the pure drugs to make them comparable to the Seretide® 
mixture, so that each of samples can be compared with each other. The hit rate for 
fluticasone propionate at optimum laser conditions was 9%, and the observed number of 
particles containing only fluticasone propionate was 21. When corrected for hit rate this 
number increases to 44. For salmeterol xinafoate the number of particles increased from 
219 to 347 after the hit rate correction is made. 
This increases the effective number of particles sampled from 647 to 798 and therefore 
results in a drop in the overall co-association to 47%. 
7.7. Conclusion 
After looking at two of the commercially available drug formulations it is possible to see 
that there is a big difference between the two drug formulations. In the first drug 
analysed (Symbicort Turbuhaler®), the results were not conclusive as it was difficult to 
get a large enough ion signals. For this reason it is difficult to say with any certainty that 
the drugs were or were not associated with each other. Further work experimenting with 
different threshold values need to be carried out in order to improve the ATOFMS signal 
output from these drug products. This drug is compared with the second drug 
formulation (Seretide(M PD!) where a clear association between the two drug 
formulations is seen after actuation. 
These studies have demonstrated the effectiveness of the ATOFMS in analysing single 
drug components. If developed further these technique could replace the time and cost 
intensive sampling methods currently used. 
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Final discussion and future work 
Chapter 8 
Chapter 8 Conclusions and future work 
The work presented in this thesis has allowed improvements of the quantitative 
output of the ATOFMS instrument and has addressed the mechanisms of reactions 
occuring in laser ablation of single partiáles. These fundamental improvements will 
allow a better understanding of the mass spectra generated from the ATOFMS as 
well as providing improved single particle data In addition, the ATOFMS has been 
used to characterise aerosol particles for medicinal purposes and has demonstrated its 
effectiveness in investigating the impact of ambient particles on air pollution and 
health. This thesis has demonstrated the 'wide range of applications for the ATOFMS. 
Results obtained from the studies of aerosol particles and laser radiation have 
improved the understanding of laser interactions with single particles as well as the 
ion-molecule reactions occurring within the ATOFMS. Further experiments using 
different particle types, such as those that absorb strongly at the laser wavelength 
used, as well as mixtures of absorbing and non-absorbing compounds will provide 
useful information. 
Moreover, molecular dynamic models of absorbing compounds and mixtures of 
absorbing and non-absorbing compounds have been studied extensively by Garrison 
& co-workers, (Schoolcrafl et al, 2001; 2000; Zhigilei & Garrison, 1998). Using this 
information in combination with experimental data will help to fully establish the 
mechanisms occurring in laser ablation of single aerosol particles. 
The Nd:YAG laser used in the ATOFMS instrument has a Gaussian profile. If 
particles always intercept the laser at the same place, it is likely that they will absorb 
similar amounts of energy. As this can not be guaranteed, it is likely that each 
particle hit by the ablation laser absorbs variable quantities of incident energy which 
affects the ions being formed. Improving the output of the laser so that a flat top 
profile is achieved will improve the reproducibiit °y of the mass spectral pattern. This 
improvement will also ensure that successive particles will absorb similar quantities 
of energy allowing variations from shot-to-shot laser pulses to be reduced. Wenzel & 
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Prather (2004) and more recently Steele et al,(2005) have demonstrated that fiat top 
laser profiles can be achieved through the use of either optic fibres or extracavity 
optics. Using better laser proffles allows the mass spectral differences to be related to 
particle morphology or ion-molecule reactions in the plume rather than to differences 
in the energy absorbed by the particle. 
Ion-molecule reactions occurring in the ATOFMS can only be explained through 
their resulting mass spectral signatures. Delaying the extraction of ions from the 
source region would allow reactions to be studied in more detail. By varying the 
extraction time, reactions can proceed for longer and will result in different mass 
spectral signatures. 
Furthermore, delaying the extraction of ions from the source region has been shown 
to improve the resolution of ions having higher mlz values (Czerwieniec et al, 2005). 
Currently, the mass spectral resolution, in the ATOFMS, of higher nilz ions is poor 
and their calibration is difficult. Czerwiemec et a!, (2005) showed that using a linear 
TOF, implementing delayed extraction, gating of lower m/z ions, and ion guide, 
significantly improved the TOF resolution for higher mlz ions. It is possible that 
further research into this area could lead to improvements in mass spectral signatures 
and resolution. 
Moffet et a!, (2004) demonstrated that ATOFMS hit rate was substantially affected 
by the relative humidity (RH). Neubauer et a!, (1997) used a similar instrument to 
look at the effects of RH on mass spectral ion signals. Investigating mass spectral 
patterns as a function of RH is an area that needs specific attention. Depending on 
the RH, particles can be wet (and have a spherical shape) or thy (with an irregular 
shape). As all inlets are designed to focus spherical particles, this affects how 
efficiently dry particles are focused into the particle beani 
Heterogeneous atmospheric reactions have been detected and monitored by the 
ATOFMS in both rural and urban environments. More laboratory studies using the 
ATOFMS to investigate heterogeneous reactions in controlled environments will 
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provide a greater understanding of the mass spectral patterns observed from aerosols 
in the ambient atmosphere. 
Investigations into the reactions of amines (Angelino et at, 2001) and markers for 
aqueous chemistry (Whiteaker & Prather, 2003) have proven invaluable when 
analysing ambient atmospheres. Only recently, work has been published 
demonstrating the ability of the ATOFMS to investigate heterogeneous chemistry in 
laboratory environments through the use of flow tube reactors (Sullivan et a!, 2005). 
Operating the ATOFMS instrument alongside conventional samplers for longer 
periods of time as well as in a variety of atmospheric conditions will allow more 
robust scaling functions for both particle number and, more importantly, particle 
mass to be developed. Comparison studies with different aerosol mass spectrometers 
located in the same or different areas can be used to provide complementary 
information on aerosol particles as well as providing a means of following air mass 
trajectories. 
Dall'Osto et a!, (2005) compared the ATOFMS and AMS instruments. A marine 
biogenic class was detected by the ATOFMS and correlated with increased organic 
measurements from the AMS. More comparative research with these aerosol mass 
spectrometers will be useful for understanding aerosol formation and for the 
improvement of climate models. Recent improvements of the AMS instrument have 
replaced the quadrupole mass spectrometer with a TOF mass spectrometer, 
permitting the comparison of single particle mass spectrometers. It is possible that a 
comparison between these two TOF instruments, either through laboratory or field 
experiments, would allow a high resolution, single particle, quantitative scaling 
factor to be determined for the ATOFMS instrument. 
The use of single particle aerosol mass spectrometers to monitor the ambient aerosol 
during exposure studies allows the toxicity of certain chemical components to be 
investigated. Conventionally, these experiments employed bulk filter analysis 
techniques. As exposure studies are only run for two hour periods at a time it is 
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difficult to obtain a'sufficient particle mass for analysis, especially if the ambient 
number concentration is low. The ATOFMS, however, can detect particles with high 
time resolution even in low particle number concentration. Further studies using the 
ATOFMS in parallel with exposure studies for longer periods of time and in a 
number of different atmospheric conditions (.i.e. polluted & clean airmasses) will 
help to establish the relationship between particle toxicity, size and detrimental 
health effects. Improving the ATOFMS quantitative mass output will provide 
significant information for these studies. 
The current inlet used by theATOFMS instrument is a converging nozzle. This set-
up means that a high percentage of particles entering the inlet system are lost to the 
inlet walls. Su et a!, (2004) has described a new aerodynamic inlet that focuses a 
wider range of particles. Employing the aerodynamic inlet will enable a larger 
percentage of particles to travel down the centre line of the instrument and intersect 
the focal point of the laser beam. This will result in more reproducible mass spectra. 
Using the aerodynamic inlet will also permit the study of the finer particle size 
fraction. 
Finally, the ATOFMS was used to examine how single drug particles interact as they 
are delivered to the lung. At present, pharmaceutical methods for determining the 
effects of drug particles involve the use of bulk analysis techniques which are time 
and cost intensive. The ATOFMS instrument can be used both to size and chemically 
characterise individual particles and could possibly be developed to incorporate real-
time processing of the data. It will be necessary to develop strong fingerprints of 
each drug component as was shown in Chapter 7. It is possible that by incorporating 
these mass spectral fingerprints into software, such as the ART-2a neural network, 
will identify when these particles are present in real-time. 
It may be that research using the ATOFMS instrument will lead to the design of a 
new generation of aerosol mass spectrometers aimed solely at the pharmaceutical 
industry. It is likely that the Aerodyne AMS will be more suited to development in 
the pharmaceutical industry as it is designed to provide quantitative information on 
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non-refractory organic compounds. The new AMS with the TOF mass spectrometer 
would be ideal for pharmaceutical applications, allowing quantitative single particle 
data to be acquired. Although as the method of ionization used in the AMS is 
electron impact there is still a large amount of fragmentation present in the mass 
spectra making it difficult to acquire molecular information. There are a number of 
research groups investigating the use of softer ionization techniques in. the AMS 
instrument (Nash et a!, 2005). 
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Appendix 
All Summary of analysis tamed out on Tubuhaler ® 
Observed m't 
Number of particles 
containing this peak 
Average intensity of this 
peak in spectra 
Positive ions  
14 77 46.1 
15 73 40.8 
17 112 68.6 
18 118 55.0 
23 12 176.4 
25to30 207 112.9 
36 to 44 228 120.3 
50to55 212 109.9 
56 181 177.4 
57 160 78.2 
62to67 188 69.2 
74 to 80 197 82.1 
90to92 188 81.2 
103 to 105 104 33.7 
114 to 117 112 34.1 
119 55 51.4 
120 92 74.8 
121 185 195.7 
127to131 21 61.3 
134 to 135 151 75.5 
145to147 46 111.7 
149-150 159 122.1 
>290 119 57.4 
Appendix 
Appendix I 
Table Al.!. A full list of all the positive ions resulting from the formoterol 
mixture 
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Observed mit 
Number of particles 
containing this peak 
Average intensity of this 
peak in spectra 
Negative ions  
(-344 to -320) 72 40.7 
(-319 to -310) 84 51.1 
-309 9 61.6 
-308 9 58.3 
-307 8 64.6 
-306 1 22.0 
-224 4 42.5 
(162 to -165) 151 78.8 
(448to-150) 152 68.8 
-144 14 60.3 
(432 to -137) 221 83.6 
(-113to-117) 238 137.7 
-106 99.5 34.1 
(-98 to -94) 90 50.8 
-90 102 42.2 
(-73 to -68) 232 98.7 
-64 123 46.8 
-61 71 33.7 
-60 67 S 395 
-50 101 112.5 
-48 139 86.1 
(-39 to 45) 207 67.0 
(-25 to -27) 230 263.9 
-24 73.5 60.5 
-17 206 122.7 
-16 47 61.2 
Table A1.2. A full list of all the negative ions resulting from the negative ion 
mass spectra from the formoterol fwnarate sample 
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Observed m1z 
Number of particles 
containing this peak 	I Average intensity of this peak in spectra 
Positive ions 
14 68 34.2 
15 17 32.3 
17 10 43.9 
18 21 28.0 
23 12 154.5 
25 to 30 298 72.9 
36 to 44 325 82.8 
50 to 55 300 85.3 
56 40 49.1 
57 30 37.5 
62 to 67 265 66.1 
74 to 80 277 63.6 
90to92 263 79.0 
103 to 105 251 54.4 
114 to 117 249 66.9 
119 196 56.0 
120 69 52.3 
121 175 102.3 
127 to 131 259 54.0 
134 to 135 91 36.8 
142 to 147 220 45.9 
170 to 172 51 30.3 
221 26 34.8 
Table A1.3. A full list of all m/z values and intensifies for the positive ions from 
the budesonide sample 
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Observed mfz 
Number of particles 
containing this peak 
Average intensity of this 
peak in spectra 
Negative ions  
(-353 to -358) 69 39.1 
(-349 to -346) 21 45.4 
-153 75 34.3 
(-148 to 150) 12 33.6 
-144 173 45.9 
(-132to-137) 206 32.5 
(-113to-117) 104 31.1 
-106 148 39.0 
-104 12 25.5 
(-98 to -94) 246 43.0 
-97 56 32.4 
-90 21 24.3 
-86 218.5 49.5 
(-83 to -82) 214 54.4 
-79 84 34.9 
(-73 to -68) 239 54.0 
-64 114 41.0 
-61 109 44.9 
-60 108 54.4 
-50 53 38.6 
48 128 99.1 
(-39to-45) 297 119.1 
(-25 to -27) 203 92.1 
-24 107 82.0 	- 
-17 149 55.8 
-16 1 	 9 147.0 
Table A1.4. A full list of all mit values and intensifies for the negative ions from 
the budesonide sample 
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Observed ink 
Number of particles 
containing this peak I Average intensity of this peak in specfra 
Positive ions 
23 16 188.9 
25to30 7 142.0 
36to44 122 119.2 
50to55 20 99.8 
56 10 238.9 
57 4 169.3 
62to67 2 170.5 
74to80 6 169.3 
103 to 105 21 110.7 
117 19 143.2 
119 22 162.0 
120 9 174.3 
Observed m/z 
Number of particles 
containing this peak 
Average intensity of this peak 
in spectra 
Negative ions 
-115 1 85.0 
-104 11 84.1 
-90 8 138.0 
-79 2 335.5 
-71 3 176.0 
-64 17 87.8 
-61 15 84.5 
-50 1 73.0 
-48 2 123.0 
(-39 to -45) 69 143.1 
(-27 to -25) 237 66.0 
-17 7 109.4 
-16 5 89.4 
Table A1.5. A full list of all the positive and negative ions resulting from the 
Lactose sample 
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Observed mit value I Budesonide I 	Fonnoterol I 	Lactose 
Positive ions  
12 1 1 
14 68 77  
15 17 73  
17 10 112  
18 21 118  
23 12 12 16 
25 to 30 298 207 7 
36to44 325 228 122 
50 to 55 300 212 20 
56 40 181 10 
57 30 160 4 
62 to 67 265 188 2 
74to80 277 197 6 
91to92 263 188 1 
103to105 251 104 21 
114to117 249 112 19 
119 196 55 22 
120 69 92 9 
121 175 185 2 
127to131 259 21  
134 to 135 91 151  
138  1 
142 to 147 220 46  
149-150  
170to_172  
221 26  
265  
> 290  
Table A1.6. A full list of all the positive ion signals used to examine the overlap 
occurring between the APIs present in the Turbuhaler® mixture 
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I  /& 
Observed Fn/z value 	 I Budesonide Formoterol Lactose 
Negative ions  
(-353 to -358)  
(-349 to -346)  
(-344 to -320) 1 72  





-224  4  
(-162to-165) 4 151  
-153 
(-148 to -150) 12 152  
-144 173 14  
(-132 to -137) 206 221  
(-113to-117) 104 238 1 
-106 148 99  
-104 12 6 11 
(-98 to -94) 246 90  
-90 21 102 8 
-86 218.5 4 
(-83 to -82) 214 7 
-79 84 6 2 
(-73 to -68) 239 232  
-71  3 
-64 114 123 17 
-61 109.5 71 15 
-60 108 67  
-50 53 101 1 
-48 128.5 139 2 
(-39 to 45) 297 207 69 
(-25 to -27) 203 230 23 
-24 107 73  
-17 149 206 7 
-16 9 47 5 
Table AI.7. A full list of all the positive ion signals used to examine the overlap 
occurring between the APIs present in the Turbuhaler® mixture 
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A1.2 Summary of Seretide analysis 
Observed rn/z 
27 to 30 
36to45 
49 to 58 
621065 
76 to 80 
90 to 92 
119 to 122 
132 to 135 
147 to 150 
280* 




-328 to -340 
-305 to -317 
-164 to -157 
-143 to -149 
-130 to -137 
-111 to-116 
-89 to -91) 
-69 to -73 
-47 to -50 
-39 to -44 
-24 to -29 
-16 to -17 
Positive ion mass 
Number of particles 










ion - CO + 211 
45(parent ion - (JO) 
75 (parent ion - H20) 
97 (parent ion) 
Negative ion mass 
Number of particles 













Average intensity of this 














Average intensity of this 













Table A1.8. The most common positive and negative ions present in the 
formoterol 
fumarate mass spectra sampled using optimum laser energy. The peak 
thresholds used were as in Table 3.1. * Ion signals present in this range 
are subject to ni/z shifting and the signals are often seen at other m/z 
values. 
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A1.3 Summary of Analysis carried out with throat cast and MDI inhaler 
Co- 
Size I association FP SX 
total 
particles FP only SX only 
0.5-1 0 6 5 12 6 5 
1-1.5 29 56 121 149 27 92 
1.5-2 63 77 151 167 14 88 
2-2.5 68 78 131 141 10 63 
2.5-3 24 30 46 52 6 22 
3-3.5 10 12 16 18 2 6 
3.54 5 5 12 13 0 7 
44.5 2 2 2 2 0 0 
4.5-5 1 	0 1  1 1 0 















0.5-1 	1-1.5 	1.5-2 	2-2.5 	2.5-3 	3-3.5 	3.5-4 	4-4.5 	4.5-5 
Particle diameter gm 
Figure Al.!. Graph of co-association present in the Seretide Diskus using a 
throat cast. 
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Size 
Co- 
association FP SX 
Total 
particles FP only SX only 
03-1 5 20 7 28 15 2 
1-15 54 103 76 146 49 22 
13-2 47 64 66  17 19 
2-25 12 15 16 24 3 4 
23-3 4 4 5 5 0 1 
34 0 1 _____ 1 1 0 














0.5-1 1-1.5 	1.5-2 	2-2.5 	2.5-3 	3-4 
Particle diameter pm 
Figure Al. 2. Graph of co-association present in the Seretide Diskus using a 
throat cast. 
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Appendix 2 
Conferences and courses attended 
Firhush 
August 2003 (Speaker) 
August 2004 (Poster presented) 
April 2005 (Speaker) 
The Aerosol Society, University of Reading, Reading, 
2003 	 (Delegate) 
The Aerosol Society, Manchester 
2004 	 (Poster presented) 
Drug Delivery to the Lungs, London 
2004 	 (Delegate) 
The European Aerosol Conference, Ghent, Belgium 
2005 	 (Poster presented (2)) 
Physical Chemistry Section Seminars 
School of Chemistry Colloquia 
Introduction to Aerosol Science, London 
Atmospheric Chemistry, Lecture course 	Mat Heal 
Lasers in Chemistry, Lecture course: 	Robert Donovan, Andy Alexander 
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